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Insular fauna face disproportionate risks of extinction owing to direct human perturbation
and intrinsic factors that are enhanced at small population sizes. Currently, our understanding of
the processes that promote long-term persistence of naturally small populations and the cryptic
processes that may contribute to accelerating their decline is limited by lack of empirical
investigations across the range of natural conditions. Implementing effective protections for rare
and understudied taxa requires the identification and examination of factors that limit recruitment
at critical life stages. Predicting population health outcomes of future perturbations further
necessitates an understanding a taxon’s behavioral ecology. Finally, cryptic threats to viability,
such as inbreeding depression, must be investigated with an appreciation for taxon-specific life
history, as these attributes can alter the context in which severe fitness reductions are expressed.
In this project I enlist integrative and cross-disciplinary approaches to study the
behavioral ecology and conservation genetics of a critically endangered West Indian Rock
Iguana, Cyclura nubila caymanensis, on Little Cayman Island. I demonstrate how coastal
communal nesting areas, a critical limiting resource on the island, serve a diverse population
demographic and contribute to significantly enhanced nesting outcomes. These data emphasize

the importance of expanding protections for major sites, as aggregative nesting appears to be
perpetuated by both habitat suitability and adaptive fitness benefits. I next evaluate the
possibility of evolved inbreeding avoidance strategies, including natal dispersal, non-assortative
mate choice, and genetic bet-hedging. I conclude that the contribution of pre-reproductive
dispersal to inbreeding avoidance likely outweighs that of active mate choice. Importantly,
observed patterns of siring success imply constrained female choice and sexual conflict over
genetic mating outcomes – a pattern that may extend to many territorial, male-driven mating
systems and therefore should be an important consideration in genetic management. Finally, I
investigate age-dependent inbreeding effects and the degree to which inbreeding depression may
limit recruitment to the breeding population. I fail to reveal significant correlations of multi-locus
heterozygosity with hatchling fitness; however, negative effects of parental inbreeding on
fecundity and hatching success imply fitness consequences of inbreeding depression could be felt
at other life stages.
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CHAPTER I
INTRODUCTION
Background
Scientists have long recognized that our past and present activities are associated
with global biodiversity loss, and there is even a growing consensus that we have entered
a sixth mass extinction event (Wagler 2011). Island populations face particularly high
extinction risks. Despite comprising only 5.3% of the Earth’s landmass (UNEP-WCMC
2015) and harboring only 5% of all assessed terrestrial vertebrates (IUCN 2017), 41% of
terrestrial vertebrates listed as Endangered and Critically Endangered today are found on
islands (Island Conservation 2017, Spatz et al. 2017). Moreover, 61% of known
extinctions since 1500 C.E. have afflicted island taxa (Tershy et al. 2015). Having
evolved in isolation and adapted to unique, albeit relatively simplified ecosystems, island
taxa often exhibit slowed reproduction and little-to-no predator defenses compared with
mainland counterparts (MacArthur and Wilson 1967, Blumstein and Daniel 2005, Kier et
al. 2009). These traits impair a species’ resilience to human-related impacts such as
habitat destruction, exploitation, and alien species introductions. Indeed, modern
extinctions are primarily driven by anthropogenic disturbance (Purvis et al. 2000), and
invasive species are implicated as a leading cause of insular extinctions (Bellard et al.
2016, Doherty et al. 2016).
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Another aspect of island taxa’s disproportionately high representation among the
ranks of threatened species is their rarity. The species richness of oceanic islands exceeds
that of mainland regions by nearly ten-fold after scaling for endemism (Kier et al. 2009),
making island systems global hotspots of biodiversity (Kreft et al. 2008, Tershy et al.
2015). Range restriction and dispersal limitation can inherently lead to greater extinction
probabilities, as those taxa comprised of a single viable population have no insurance
against catastrophe (Moritz 2002). Moreover, populations of oceanic islands have an
overall tendency to be small. All other things being equal, very small populations face
elevated extinction risks owing to stochasticity in factors such as demographic vital rates
and population sex ratios (Caughley 1994, Mace et al. 2008). While extinctions caused by
direct perturbation are usually characterized by severe and rapid population declines,
extinction resulting from stochasticity need not be abrupt. Rather, final descents to
extinction are often driven by secondary, synergistic processes among extrinsic factors
like habitat deterioration, exploitation, and climate change, and intrinsic characteristics of
a population such as specialization and slow vital rates (Caughley 1994, Oborny et al.
2005, Brook et al. 2006, 2008, Fagan and Holmes 2006). In the age of globally changing
environments, such synergies among extinction drivers are expected to become
increasingly relevant to long-term population viability (Brook et al. 2008).
As with other intrinsic stochastic processes, loss of genetic variation by drift and
inbreeding is enhanced at low population size. Due to mutation, recessive deleterious
alleles segregate in all natural populations but are rarely expressed under conditions of
large size and panmixia, due to the average genetic relatedness between individuals being
low. As the average relatedness between individuals increases, there is an increasing
2

chance that deleterious alleles will segregate in homozygous states. The term ‘inbreeding
depression’ is used to describe reductions in fitness caused by the expression of
unmasked deleterious recessives in the offspring of close relatives, and is generally
considered detrimental to the viability of small populations (Wright 1984, Crnokrak and
Roff 1999, Keller and Waller 2002, Reed et al. 2002, Bouzat 2010, Frankham et al.
2010). While increased exposure of a population’s segregating load to natural selection
should facilitate the removal, or “purging” of very harmful genetic material (Schemske
and Lande 1985, Barrett and Charlesworth 1991, Hedrick 1994, Swindell and Bouzat
2006, Robinson et al. 2018), the stochastic action of drift over many generations held at
small size is anticipated to overcome selection, such that weakly deleterious alleles may
accumulate across the genome and even become fixed at the population level (Franklin
1980, Whitlock 2000, Leberg and Firmin 2008). Thus, in historically small and isolated
populations, inbreeding depression may manifest not as the expression of a small number
of lethal equivalents but rather as the cumulative effect of many weakly deleterious
alleles (Keller and Waller 2002).
While the negative fitness consequences of inbreeding depression are widely
acknowledged, there is a general lack of consensus regarding the role for genetic factors
in the short-term and long-term dynamics of naturally small populations. It is observed
that in the absence of major disturbance, many species persist successfully for long
periods within small global ranges (Gaston 1994, 2003), or harbor very low genetic
diversity and yet seem not to suffer from inbreeding depression (Bonnell and Selander
1974, Frankel and Soulé 1981, Robinson et al. 2018). Some researchers attribute the
absence of inbreeding depression in historically bottlenecked populations to an adaptive
3

‘buffering’ response that follows purging of severely deleterious alleles (Templeton
1980, Templeton and Reed 1984, Lande 1988). In fact, inbreeding depression is often
assumed to be a selective force driving the evolution of inbreeding tolerance, preference,
or avoidance strategies in animals (Szulkin et al. 2013). In few well-documented
examples, the negative effects of inbreeding appear to be ameliorated by measures such
as dispersal and non-random mate choice (reviewed in Pusey and Wolf 1996). In
contrast, an expanding body of evidence for severe inbreeding depression in insular
populations of prolonged small size challenges the expectation that adaptive responses
should accompany historical inbreeding (Frankham 1998, Eldridge et al. 1999, Leberg
and Firmin 2008, Kennedy et al. 2014).
There are many factors that can complicate predictions of inbreeding effects in
naturally small populations. Inbreeding depression is often measured under artificial,
laboratory, or captive conditions (Hill 1974, Ralls et al. 1979, 1988, Ralls and Ballou
1981, 1983, 1986, Charlesworth and Charlesworth 1987, 1999, Ribble and Millar 1992,
Hedrick and Kalinowski 2000). In contrast, realized fitness occurs across a gradient of
inbreeding-environment interactions in nature, with stressful environments exacerbating
expression of inbreeding load (Pray et al. 1994, Reed and Bryant 2001, Keller et al. 2002,
Armbruster and Reed 2005, Galloway and Etterson 2005, Escobar et al. 2008, Fox and
Reed 2011). Indeed, small reductions in performance caused by inbreeding have been
shown to have much larger effects on overall fitness in the wild compared to in captivity
(Joron and Brakefield 2003). In the same way, different life stages may impose different
levels of stress and result in condition-dependent expression of inbreeding (Keller and
Waller 2002). Substantial age-dependent effects of inbreeding have been documented
4

across a variety of taxa, including in mammals (Ralls and Ballou 1981, Rijks et al. 2008,
Cohas et al. 2009, Huisman et al. 2016) and birds (Keller et al. 2002, Szulkin et al. 2007,
Laws et al. 2010, Olano-Marin et al. 2011). Moreover, taxon-specific life history
characteristics, such as high fecundity or longevity, as well as behavioral differences (e.g.
mating system), may mask recent inbreeding depression. For example, Taylor et al.
(2017) report that reliance on population growth as an indicator of the health of a
translocated population of little spotted kiwi led managers to overlook sublethal, cryptic
inbreeding depression, which had accumulated in younger generations even as chick
production by the founding pair continued to drive population growth. Similar situations
can be found in northern elephant seals (Hoelzel 1999) and re-introduced Eurasian otters
(Koelewijn et al. 2010), both of which suffered exacerbated genetic erosion following
population bottlenecks as a consequence of strong male siring skew.
Due to these confounding factors, it is important that efforts to understand the
processes that promote long-term persistence of small populations, or conversely,
synergistically hasten their decline, embrace investigations of natural population
dynamics and account for taxonomic differences in natural history. While a large
diversity of taxa have persisted for long periods under conditions of small size and
isolation, empirical tests of inbreeding depression and inbreeding avoidance tend to favor
birds (Wheelwright and Mauck 1998, Keller and Arcese 1998, Richardson et al. 2004,
Barber et al. 2005, Kleven and Lifjeld 2005, Reid 2007, Billing et al. 2012, Brekke et al.
2012, Kennedy et al. 2014, Reynolds et al. 2014, Reid et al. 2015, Taylor et al. 2017,
Barati et al. 2018) and mammals (Eldridge et al. 1999, Liberg et al. 2005, Geffen et al.
2011, Becker et al. 2012, Herfindal et al. 2014, Vigilant et al. 2015, Godoy et al. 2016,
5

Wikberg et al. 2017). In addition, many threatened taxa are afflicted with severe gaps in
natural history knowledge (IUCN 2017). Owing to rapid and severe population declines,
some endangered taxa exist today only as remnants or are sustained entirely in captivity,
encumbering any in situ data collection (Redford et al. 2011). However, where rare taxa
persist as relatively undisturbed ‘natural laboratories,’ unparalleled opportunities for
empirical investigation may be tapped.

Study System
The West Indian Rock Iguana (genus Cyclura) — an endemic lineage
encompassing 16 taxa, each the largest terrestrial vertebrate native to its respective island
– is regarded by the International Union for the Conservation of Nature (IUCN) as the
most endangered group of lizards in the world (Alberts 2000, Lemm and Alberts 2012,
IUCN 2017). Iguanas are uniquely successful over-water dispersers among large-bodied
taxa, and molecular dating of the ancestral Cyclura divergence suggests that they
colonized the Greater Antilles ~20 mya (Malone et al. 2000). The selective environments
of these oceanic islands – reduced predation and interspecific competition leading to
heightened population densities – have today produced observable shifts in a suite of lifehistory traits among West Indian lineages. For example, compared with their closest
mainland relative, Iguana iguana, adult rock iguanas experience higher annual
survivorship and delayed maturity. While their cosmopolitan cousin matures rapidly
(~1.5 years) and suffers up to 60% annual adult mortality (Bock et al. 1985), some
Cyclura delay first reproduction until 6-12 years of age (Iverson et al. 2004a) and may
live as long as 50 years (Burton 2012). Rock iguanas invest in relatively fewer (between
6

3 in C. rileyi nuchalis; Thornton 2000; and 14 in C. cornuta stejnegeri; Pérez-Buitrago et
al. 2016) and larger offspring (between 34 g in C. cychlura inornata; Iverson et al. 2004a;
and 69 g in C. cornuta stejnegeri; Pérez-Buitrago et al. 2016) than I. iguana, for which
single clutches may contain up to 70 eggs (mean clutch size = 35; mean hatchling mass ≈
20 g; Rand 1984). Despite greater reproductive investment per capita, survivorship of
hatchling Cyclura over the first weeks to months is exceptionally low in some taxa (16.728.4% in C. cychlura cychlura; Knapp et al. 2010; 22% in C. cornuta stejnegeri; PérezBuitrago and Sabat 2007), such that recruitment rates could be limiting in times of stress.
This study focuses on the Sister Islands Rock Iguana (SIRI), Cyclura nubila
caymanensis, a taxon endemic to the Sister Islands of the Cayman Islands. These small,
isolated islands are situated in the Caribbean Sea approximately midway between Grand
Cayman (100 km southwest), Cuba (200 km northeast), and Jamaica (230 km southeast;
Fig 1.1). Little Cayman is smaller and less developed than Cayman Brac, its sister island,
with an area of about 28.5 km2 and under 200 permanent residents. Cayman Brac (7.5 km
southeast) is only slightly larger at 38 km2, but it is also much more developed with
around 1,500 permanent residents. Consequently, Little Cayman currently supports a
much larger SIRI population (est. minimum: 1,200 < N < 1,500, Goetz and Burton 2012;
maximum: 2,000 < N < 4,100, Rivera-Milán et al., 2015) than Cayman Brac (estimated
not more than 100 mature individuals; Goetz and Burton 2012); although estimated
effective sizes (Ne) of either population are many times lower than census (Little
Cayman: ~187 Cayman Brac: 18; Chapter V). Based on molecular dating, the Sister
Islands were colonized by ancestors from Cuba (~200 km to the northeast) approximately
1.29 mya (Malone et al. 2000). While rare over-water dispersal events are not
7

unprecedented, recent investigations of population genetic structure indicate genetic
differentiation between the two extant SIRI populations (JB Moss, unpublished data).

Figure 1.1:

Map of Sister Islands

The landscape of Little Cayman is flat and heterogeneous and, like other islands
typifying the Greater Antilles, its dominant habitat type is dry shrubland (DaCostaCottam et al. 2009; Fig 1.2). This inhospitable karst landscape is distinct from any other
terrestrial ecosystem in the world with regards to richness of endemic vascular plant
species (Myers et al. 2000). As large-bodied herbivores, Cyclura occupy the major
generalist consumer niche of these communities. Their diets include between 20 and 100
native plants species (Wiewandt 1977, Iverson 1979, Gerber 1995, Knapp et al. 2010,
Burton 2011, Hines 2016, Pasachnik and Martin-Velez 2017), up to 30% of which
contain secondary compounds toxic to other introduced herbivores (Mitchell 2000). The
low-canopy vegetation cover and limestone surfaces offer ideal thermal exposure for
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basking, and many crevices and solution holes provide shaded retreats to prevent
overheating (Ehrig 2000). On the contrary, deposits of soft, diggable substrate considered
optimal for nesting are sparsely available in the island’s rocky interior. Consequently,
gravid females often migrate to the coast, where few patches of coastal shrubland are
understood to support large aggregations of nesters (Gerber 2000, Goetz 2010).
A gradient of iguana densities and home range sizes can be found on Little
Cayman, from > 24 iguanas/ha each occupying 0.767 ± 0.452 ha in one human-modified
plot to ~1 iguana/ha occupying 2.174 ± 1.735 ha in a more undisturbed area (Sawannia
2012). Localized crowding and subsequent density compensation (e.g. smaller territory
sizes and greater territory overlap) can have important impacts on the social behavior of
iguanas, for example, reducing male territoriality and aggression (Alberts 1993; Alberts
2000; Iverson 2000; Knapp 2000; Alberts et al. 2002; Lacy and Martins 2003; Goodman
et al. 2005; Knapp and Owens 2005). This is significant because mature male SIRI can
grow to over twice the size of mature females (5-11 kg and 0.8-5 kg, respectively) and
are prone to violent territorial disputes (Gerber 2000). Female Cyclura generally occupy
smaller home ranges throughout the year, but may disperse between male territories
during the mating season (Wiewandt 1977, 1982, Thornton 2000, Iverson 2001).
In 2012, the IUCN listed SIRI as Critically Endangered, with both of its
populations suffering recent and ongoing declines (Goetz and Burton 2012). This
assessment was made following a 3-year study by the Durrell Wildlife Conservation
Trust (Goetz 2010) which aimed to estimate major demographic parameters, including
census size, population densities, and the number and distribution of active nesting areas
on the island’s coastline. Qualitative comparison of today’s distributions with
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observations from the 1970s and 80s suggest that SIRI historically occupied a much
larger range on Little Cayman and has since retracted to the western coastal edges
(Stoddart and Giglioli 1980, Townson 1980, Blair 1983). In addition to habitat loss and
fragmentation imposed by ongoing development, feral rats, cats, and dogs are major
predators of SIRI, and road kills are regular occurrences on the islands’ expanding
network of paved motorways. Moreover, sightings of invasive green iguanas (Iguana
iguana) are on the rise.
Despite major threats, conflated census estimates cast doubt on current population
trends (Goetz and Burton 2012, Rivera-Milán et al. 2015). In fact, qualitative accounts
from 1993 and recent years suggest that the population of Little Cayman remains robust
as ever, and may even be increasing (Gerber 2000, Gerber pers. comm.). Because
outward appearances of growth can obscure symptoms of declining population health,
particularly among long-lived taxa that are elusive in early life stages, a complete picture
will require understanding how SIRI utilize limited resources and what factors regulate
individual fitness across life stages. While conservation planning broadly prioritizes the
protection of coastal habitat for nesting, it remains unclear how females select oviposition
sites and what fitness consequences are associated with these choices, and virtually
nothing is known about natal ecology in this taxon. Moreover, no genetic investigations
have ever been conducted on SIRI. Independent of current census estimates, the small Ne
of the Little Cayman population suggests a history of small size and inbreeding. As a
result, the population may retain high genetic load and express it conditionally, or
adaptively evolved towards inbreeding avoidance.
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Overview of landcover classifications on Little Cayman. Modified habitat, grasslands, coastal habitat, mangrove
(seasonally and tidally flooded mangrove shrubland, forest, and woodland, and pools, ponds, and mangrove lagoons),
dry shrubland (< 4.5 m), and dry forest and woodland (4.5 m < canopy < 16 m) habitat types are indicated (DaCostaCottam et al. 2009). Nesting sites 1-8 were monitored consistently between 2015 and 2017, and Sites 9-11 were
monitored in 2017. Nest sites are described in detail in Appendix A.
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Objectives and Approach
To assess the immediate and future conservation needs of SIRI and the relative
importance of genetic factors in regulating its population dynamics, several aspects of
taxon-specific ecology must be examined and described. Because low reproductive
success or hatchling fitness may not manifest as an immediate marked reduction in
population size, it will be crucial to assess population trends in the light of recruitment.
This will require evaluating the degree to which prioritized coastal nesting areas
contribute to population recruitment, via the generation of spatial and life history data.
Specifically, ongoing and future prioritization of habitat for conservation may be
informed by characterizing site usage across diverse sectors of the breeding population
and quantifying relationships between local nest densities and nest hatching success. To
project population health outcomes associated with future population reductions, such as
inbreeding depression and loss of wild stock viability, it will be necessary to investigate
several aspects of SIRI’s behavioral ecology, as well as to account for the relative
contributions of genetic factors to individual fitness across multiple age classes.
To facilitate close examination of SIRI’s reproductive and natal ecology and
maximize genetic sample collection and pedigree inference, all field efforts for this study
were organized around the annual summer nesting (May-June) and hatching (AugustSeptember) seasons. Nesting surveys were consistently and intensively carried out at
select sites, most of which were identified previously by Gerber (1995) and Goetz (2010).
These efforts identified major communal nesting sites utilized by SIRI, with the majority
of activity concentrated on the coastal West End. In 2012, the Little Cayman District of
the National Trust for the Cayman Islands purchased a 1.12-ha plot of land encompassing
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most of Preston Bay, the island’s largest known communal site. The purchase protected
the site in perpetuity, however monitoring of iguana nests was not resumed until 2015.
For this study, eight nesting localities on the West End (2015-2018) and 3 on the southern
coastline (2017) were selected for regular monitoring (Fig 1.2).
All chapters that follow will address one or more of my overarching project
objectives from the perspective of a particular set of hypotheses, and I will employ
integrative and diverse methodologies to this end. Specifically, in Chapter II I investigate
the relationship between a crucial limited resource, nesting habitat, and realized patterns
of movement, dispersal, and population distributions on Little Cayman. I use radiotelemetry to examine short-term patterns of dispersal undertaken by females and neonates
and compare these to long-term patterns of movements across major life history
transitions, as documented via mark-recapture surveys. I reveal pronounced long-distance
and seemingly random dispersal during the two critical life stages examined,
demonstrating that females do not select nesting sites on the basis of their home territory
locations and that early dispersal is likely a major factor promoting population admixture
and inbreeding avoidance. In Chapter III, I characterize intraspecific variation in nesting
strategies to identify potential fitness benefits of aggregative oviposition and excavation
effort. I present evidence of trade off costs between excavation efforts and extended nest
defense by females that are dependent on reproductive timing and individual competitive
ability. Further, I demonstrate synergistic effects of aggregative nesting and the digging
of deeper, longer incubating nests on female fitness. This is shown with significantly
increased and non-additive effects on hatching success, further emphasizing the
important contribution of communal nesting habitat to population recruitment.
13

For my remaining chapters, I enlist molecular tools to examine SIRI’s mating
system and reproductive dynamics. In Chapter IV, I test for signatures of female choice
behaviors that are expected to optimize the production of outbred progeny. Specifically, I
employ full-pedigree likelihood reconstruction to test three inbreeding avoidance
hypotheses: heterozygote preference, genetic bet-hedging, and non-assortative choice.
Despite uncovering costs of inbreeding, I find no evidence that female mate choice
deviates from random. Meanwhile, the occurrence of strong male reproductive skew and
reduced rates of multiple-paternity at a high-density site suggests that selection on female
behaviors may be constrained by sexual conflict. I expand on the potential costs of
inbreeding in Chapter V by exploring fitness effects in two major age classes: neonates
and individuals surviving past their first year. I employ heterozygosity-fitness
correlations to test whether multi-locus heterozygosity, a molecular measure of
outbreeding, is positively correlated with body size, a morphometric proxy for fitness in
lizards. After accounting for maternal and environmental effects, I find that recruitment is
largely unbiased with respect to inbreeding level. Less intuitively, however, I find that
homozygosity imparts positive effects on the fitness of individuals over 1 year of age,
emphasizing the need for more long-term research to unravel how inbreeding influences
fitness across life history stages of this long-lived taxon.
Finally, in Chapter VI I briefly recount a new discovery made on Little Cayman
in the summer of 2016. Leveraging morphological and molecular data, I provide evidence
that three hatchling iguanas resulted from an unprecedented cross-breeding event
between an invasive female green iguana (Iguana iguana) and a native rock iguana.

14

CHAPTER II
MOVEMENT AND DISPERSAL IN A HETEROGENOUS LANDSCAPE:
INFERENCES FROM MARK-RECAPTURE AND
RADIO TELEMETRY

Abstract
West Indian Rock iguanas (genus Cyclura) represent the most endangered group
of lizards in the world, with most taxa restricted to few or single islands. The way in
which these large vertebrates optimize use of insular space may be influenced by a
combination of social, ontogenetic, and long-term demographic factors. Life stagespecific dispersal and habitat use patterns have previously been characterized in Cyclura,
but holistic assessments across the lifespan are lacking. This study evaluates shifting
patterns of movement in a single taxon, Cyclura nubila caymanensis. Long-term markrecapture and UAV-assisted radio tracking are leveraged to assess age- and sexdependent variation in spatial ecology. Evidence for prolonged site fidelity among adults
is consistent with territoriality modulating space use in this long-lived taxon. Over 5-10
years, some females were never resighted or recaptured outside of an 80 m perimeter. A
notable exception is that seasonally migrating females disperse 1.17 ± 0.91 km to utilize
coastal areas during the nesting season. In contrast, neonates disperse farther (2.32 ± 2.26
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km) and their trajectories are nonlinear. Annual net displacement remains high over the
first 1-3 years of life. Long-distance movements undertaken in pre-reproductive life
stages may reflect passive inbreeding avoidance strategies adopted by small, insular
populations. My data are consistent with independent studies in related taxa, wherein
individual spatial requirements vary with population density and island size. Modularity
of movement across life stages implies convergent adaptations to island life, and
underscores the importance of dispersal for maintaining recruitment and population
admixture in small populations.

Introduction
Movement is a crucial mechanism by which animals optimize their space use,
exploit spatially variable resources, and ultimately shape spatial patterns of genetic
diversity. Restriction to a small, finite area necessarily modifies these dynamics (Stamps
and Buechner 1985, Adler and Levins 1994). West Indian Rock Iguanas (genus Cyclura)
are the largest native vertebrates found in terrestrial Caribbean ecosystems and are
usually restricted to small islands or even islets and cays no more than a few hectares in
size (Alberts 2004). Due to the overall absence of predators and competitors on
Caribbean islands and high population growth rates, a small number of founding iguanas
can achieve carrying capacity of small islands within only a few generations (Knapp
2001, Knapp and Hudson 2004, Perry and Gerber 2011, Reynolds 2011, Aplasca et al.
2016, Hayes et al. 2016, Iverson et al. 2016). Although exceedingly low metabolic rates
are among rock iguanas’ adaptations to island life allowing them to persist on very
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limited resources (Nagy 1982, McNab 1994, Burness et al. 2001), individual lifetime
spatial requirements imposed by social and reproductive factors may be much greater.
Iguanas are long-lived (in excess of 50 years in some taxa; Iverson et al. 2004;
Burton 2012) and highly territorial (but see Knapp 2000; Alberts et al. 2002). Individual
home ranges often span large areas with minimal overlap, especially amongst males
(Knapp 2000, Thornton 2000, Alberts et al. 2002, Goodman et al. 2005, Knapp and
Owens 2005, Pérez-Buitrago et al. 2010, Sawannia 2012). The acquisition of food
resources, basking areas, and burrows appears only secondary to mate acquisition in the
function of male territory defense (Burghardt and Rand 1982, Dugan and Wiewandt
1982, Ryan 1982). Female iguanas undertake seasonal migrations, often traveling far
outside of their normal usage areas to nest in suitable habitat along an island’s coastline
or in large, sparsely vegetated plateaus containing soft substrate (Wiewandt 1977, 1982,
Thornton 2000, Iverson et al. 2004a, Carreras De León 2015, Pérez-Buitrago et al. 2016).
Neonates are completely independent upon emergence, subsisting on residual yolk stored
in fat bodies to ensure survival through the first days to weeks (Carey 1975, Christian
1986, Vogel et al. 1996, LeVering and Perry 2003). Based on a limited number of
tracking studies of neonate Cyclura (Pérez-Buitrago and Sabat 2007, Knapp et al. 2010),
rapid dispersal away from natal sites appears to be an important adaptation for evading
predation. Natal dispersal may also be crucial in the generation of population genetic
structure. Because West Indian iguana populations are often isolated and possess limited
genetic variation (Colosimo et al. 2014, Martin et al. 2015, Aplasca et al. 2016, Welch et
al. 2017, Van Den Burg et al. 2018), mechanisms that maintain within-population
admixture could be of crucial importance to long-term viability.
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Currently lacking from the breadth of ecological studies in this group are any
holistic assessments of movement across the lifespan, including transitions to
territoriality and stability of territories over time. Tremendous variation in life history
(Mesquita et al. 2016) and range sizes (Alberts 2000) across the genus renders predictions
for specific taxa challenging. This study focuses on dispersal patterns in Cyclura nubila
caymanensis on Little Cayman. While valuable insights gleaned from investigations into
population densities (Sawannia 2012, Rivera-Milán et al. 2015) and nesting areas (Gerber
2000, Goetz 2010) have recently contributed to the protection of key nesting habitat for
this taxon, its spatial ecology remains poorly described. Variation in individual
movement and habitat use can influence the availability and suitability of habitat
prioritized by management for C. nubila caymanensis, and should be incorporated into
long-term management planning. My specific objectives in this study were to: 1) leverage
long-term mark-recapture data to characterize broad-scale movements and fidelity of
animals through ontogeny; and 2) use UAV-assisted radio tracking to examine fine-scale
movements during two critical life stages, nesting and hatchling dispersal.

Materials and Methods
Mark-Recapture Surveys
Permanent tagging of iguanas on Little Cayman commenced between 2007 and
2014, although very few recaptures were documented (Goetz 2010). Between 2015 and
2017, efforts to maintain longitudinal capture histories intensified, with more researcher
hours dedicated to logging the recapture and re-sighting of tagged individuals (Appendix
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Table C.1). Surveys were conducted during two seasons annually: 1) May/June (prenesting and nesting), and 2) August/September (post-nesting and hatchling emergence).
Iguanas were captured in baited live traps (Tomahawk Live Traps, Hazelhurst, WI,
USA), with the aid of a noose or net, or by hand. All individuals were marked externally
with a unique color combination of small, glass beads secured through the nuchal crest
using extremely durable Spectra fiber fishing line and permanently with HPT8 MiniChip
Passive Integrated Transponder tags (Biomark™, Boise, ID, USA) injected sub-dermally
at the dorsal tail base. I measured the snout-vent length (SVL) to the nearest millimeter
and body mass to the nearest gram of all new captures and recaptures with folding rulers
and 60g-10kg spring scales (Pesola®, Feusisberg, Switzerland), respectively. Sex
determination of immature animals was made using cloacal probe protocols outlined by
Dellinger and Hegel (1990). All GPS coordinates were recorded within 3m accuracy.

Nesting Surveys
Nesting sites were surveyed twice per day during the nesting season (late Mayearly July) to detect nests. Nest entrances were identified either by direct observation of
digging females, the appearance of newly excavated entrance tunnels, or by noting
discolorations in the substrate concealing freshly filled entrance tunnels. When present,
females were identified by their bead tags or, if unmarked, captured and marked after
closing their nest. Following periods of nest-guarding (Wiewandt 1977, 1982, Iverson et
al. 2004a, Knapp and Owens 2005), entrance tunnels were excavated by hand to locate
egg chambers. Corrals of 24” aluminum flashing were erected around identified egg
chambers following 70-80 days incubation to collect emerging neonates.
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Radio-Tracking
I used custom-manufactured 3.8-gram PD-2 model (est. 2-month battery) and 1.2gram BD-2 model (est. 3.5-week battery) radio transmitters (Holohil Systems Ltd) to
track females (May-June 2016) and hatchlings (August-September 2017), respectively.
Transmitter attachment protocols were modified from established methodologies
(Goodman et al. 2009) to maximize transmitter retention (Appendix B.1). Female
tracking subjects were selected by one of two approaches: 1) spent females were captured
within nesting sites shortly following oviposition (n = 17); or 2) gravid females were
captured within their home territories prior to the onset of peak nesting (< May 30; n =
4). Hatchling tracking subjects (n = 28) were captured in corals and one healthy male and
female per nest were selected for radio transmitter attachment. Transmitter signals were
detected throughout the day (0643 to 1900h) at intervals of 1.1 ± 0.75 days with the aid
of collapsible three-element Yagi antennas (Wildlife Materials International, Inc.) and
handheld R-1000 Telemetry Receivers (Communication Specialists, Inc.). Fixes were
estimated by signal homing or triangulation (Samuel and Fuller 1996; Appendix B.2) or
with the aid of a radio-tracking UAV (Appendix B.3). Efforts were made to recapture
each tracking subject and remove transmitters when the maximum battery life of the
transmitter was reached or after recurring detection in a single location indicated that
migration or dispersal movements had ceased. Thirty-two total recovery attempts
followed complete tracking periods, of which transmitters for 7 females and 14
hatchlings were successfully recovered.
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Life Stage-Specific Movement and Dispersal Analyses
To study movement patterns associated with seasonal nesting migrations and natal
dispersal, tracking periods were truncated to the lower and upper bounds of the maximum
migration time, or the time between leaving the nest site and arriving at the final known
location (Appendix B.4). Strait-line or linear relocation distances between starting and
ending locations were calculated in meters. Analyses of dispersal paths were then
conducted in R v3.4.2 (R Core Development Team 2017) using the package
‘adehabitatLT’ (Calenge 2006). All dispersal paths for which at least one intermediate
location could be approximated within 200 m accuracy (Appendix B.4; n = 22) were
analyzed. Total dispersal distances were calculated as the sum of the length of each
segment in the dispersal path. I investigated the directionality of movements between
nesting sites and final known locations with the Rayleigh test for unimodality of angles
(Zar 1984). This test calculates coefficients of correlation of angles in a path (the r
value), where values approaching one indicate that points are clustered around a single
direction as in a linear trajectory.
To examine overall patterns of movement across life history stages, I analyzed the
capture histories of all individuals tagged between 2007 and 2017 (n = 1541 captures, n =
245 recaptures; Table C.1). Age determinations were made based on size class trajectory
analysis (detailed in Iverson et al. 2004b) calibrated from measurements of recaptured
iguanas with known hatch years (Appendix C; Appendix Table C.2). Although Cyclura
nubila caymanensis may achieve sexual maturity by 2-3 years of age, substantial and
variable growth appears to continue until 4-6 years of age. Thus, for each capture or
sighting occasion iguanas were classified according to sex and one of 4 major life history
21

categories for which age could be confidently inferred – hatchling (H), yearling (Y), 2 to
3-year-old subadult (SA), and ≥ 4-year-old adult (A). Individual capture histories were
then concatenated into transition states (H-Y, Y-SA, SA-A, A-A), and linear relocation
distances were calculated between the starting and ending location of each transition to
facilitate comparison across data types.

Results

Female Migrations and Distribution of Home Territories
Two of 17 females fitted with transmitters at nesting sites post-oviposition did not
migrate away from their nests, and 3 of 4 females fitted with transmitters prior to nesting
did not migrate to nesting grounds or oviposit within their tracking periods. One female
succumbed to road mortality while guarding her nest. The remaining 15 females were
tracked for 17.3 ± 6.18 days. Following periods of nesting and guarding (7.3 ± 6.85
days), nesters moved rapidly to return to their home territories. Maximum migration
times were 1.88 ± 1.30 days, with at least 1 female traveling 2.03 km within 24 hours
(Table 2.1). Due to this rapid dispersal and poor reception of signals within the thick
vegetation of the island’s interior, patterns of movement, including intermediate
locations, could not be well resolved and were therefore not used to estimate
directionality or to identify corridors or barriers to dispersal. I found home territory
centers (estimated by the location of female retreats) to be distributed across diverse
island locales, 0.98 ± 0.8 km from female nesting locations (Fig 2.1). This estimate did
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not deviate significantly from linear relocation distances estimated for 15 animals that
were captured on separate occasions at their nesting grounds and at their home territories
(1.36 ± 0.99 km; Wilcoxon Rank Sump < 0.05).

Table 2.1:

Female radio-tracking dataset.
Tracking days

ID

Nest Site

Total

At
nest

Max. Days
Dispersing

In home
territory

No.
ITM

LRD
(m)

2.02 out,
20.18
2
1786.24
4.07 back
CH3
5
21.04 1.45
0.91
18.68
0
504.81
CH4
5
23.06 0.33
0.63
22.11
0
337.64
CH5
5
25.16 11.17
0.96
13.03
0
198.14
CH7
5
13.01 7.04
3.03
2.94
1
586.82
CH8
5
25.1
5.09
3.99
16.02
0
871.14
CH9
8
26.77 20.71
1.19
4.87
1
2029.12
CH11
5
21.91 18.81
0.97
2.13
0
238.87
CH13
5
8.89
0
0.98
7.91
0
276.96
CH14
5
20.32 12.87
1.34
6.11
0
1236.09
CH16
4
19.22 16.14
0.98
2.1
0
846.52
CH18
5
14.88 1.68
1.22
11.98
0
680.52
CH19
3
14.2
9.09
1.08
4.03
0
182.99
CH20
5
10.75 6.98
3.77
0
0
2742.38
CH21
5
9.56
5.81
2.15
1.6
0
755.88
Tracker ID, Nest Site, Tracking days (total, at nest, maximum (Max.) days dispersing, in
home territory, and number of intermediate locations estimated (No. ITM)), and linear
relocation distances (LRD) between nesting and home territory locations.
CH2
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Map of home territories of nesting females.

Distribution of home territory locations of nesters detected at major West End sites.
Colors distinguish nest sites of origin. See Appendix A for site descriptions.

Natal Dispersal
Of the 28 hatchlings that were fitted with radio transmitters and released, 21 could
be tracked continuously for at least one week (mean tracking period of 19.41 ± 6.29
days). The mean tracking period was 17.2 ± 5.75 days for the 10 hatchlings with dropped
or unrecovered transmitters after this period and 22.27 ± 5.53 days for the 11 hatchlings
tracked to live recovery. With the exception of 2 tracking subjects that never ventured
more than 20m from their release sites, all tracking paths that exceeded 7 days prior to
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transmitter loss or recovery (n=19) were analyzed to characterize initial dispersal
movements (Table 2.2).

Table 2.2:

Hatchling radio-tracking dataset.

ID
Sex Natal Site, Clutch Total days tracked Max. Days Dispersing No. ITM
CH1
F
10,1
15.02
8.72
12
CH2 M
10,1
10.12
7.1
8
CH3
F
2,2
23.96
14.95
10
CH4 M
2,2
9.08
7.64
9
CH5
F
5,3
25
21.74
11
CH6 M
5,3
27.44
15.07
14
CH7
F
5,4
26.08
13.07
12
CH8 M
5,4
15.1
7.79
5
CH9
F
10,5
26.63
18.24
7
CH10 M
10,5
3.66
3.66
4
CH11 M
5,6
3.05
3.05
1
CH12 F
5,6
2.02
2.02
1
CH13 M
1,7
14.04
6.1
11
CH14 F
1,7
25.01
1.05
0
CH15 F
5,8
1.25
1.25
0
CH16 M
5,8
25.94
0.87
0
CH17 M
4,9
8.35
7.25
5
CH18 F
4,9
24.04
4.73
2
CH19 M
10,10
19.38
16.33
8
CH20 F
10,10
4.05
4.05
2
CH21 M
8,11
20.4
0
0
CH22 F
8,11
20.4
0
0
CH23 M
5,12
25.92
1.12
2
CH24 F
5,12
17.85
16.72
9
CH25 F
5,13
20.04
20.03
16
CH26 M
5,13
17.17
6.04
4
CH27 F
8,14
0
0
0
CH28 M
8,14
2.02
2.02
2
Tracker ID, Sex, Natal Site and Clutch, Total days tracked, Maximum (Max.) days
dispersing, and number of intermediate locations estimated along the dispersal path (No.
ITM).
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Table 2.2 (continued)
ID
LRD (m)
TDD (m)
Rayleigh r
Rayleigh p
Final Known Fate
CH1
1203.74
1643.94
0.872
2.70E-09***
A-att. recap.
CH2
635.79
893.59
0.859
6.13E-06***
A-recap.
CH3
1373.37
2491.19
0.602
1.65E-08***
A-recap.
CH4
312.75
1145.95
0.325
0.13
U-signal lost
CH5
609.27
6086.53
0.639
0.05*
A-recap.
CH6
2334.98
5382.26
0.501
2.90E-06***
A-moving
CH7
3563.56
5000.75
0.861
6.31E-14***
A-recap.
CH8
924.36
1620.14
0.571
1.24E-05***
A-recap.
CH9
2761.72
3322.1
0.917
6.37E-11***
A-recap.
CH10
49.6
266.23
0.261
0.78
U-signal lost
CH11
409.98
462.73
0.673
0.003**
D-cat pred.
CH12
341.38
530.11
0.489
0.248
U-transm. lost
CH13
465.17
558.52
0.76
3.20E-04***
U-signal lost
CH14
282.01
282.01
NA
NA
A-recap.
CH15
200.89
250
NA
NA
D-bird pred.
CH16
140.42
140.42
NA
NA
A-recap.
CH17
1891.79
2359.43
0.828
1.23E-07***
U-signal lost
CH18
270.28
387.54
0.73
0.02*
A-recap.
CH19
1635.7
2073.97
0.834
4.05E-07***
A-att. recap.
CH20
292.7
324.62
0.582
0.398
U-signal lost
CH21
18.57
67.67
NA
NA
U-signal lost
CH22
20.64
38.35
NA
NA
U-signal lost
CH23
265.31
265.31
1
0.001**
A-recap.
CH24
1051.28
1903.25
0.599
1.11E-06***
U-transm. lost
CH25
5964.92
7629.06
0.822
5.92E-14***
D-snake/ant pred.
CH26
583.78
815.55
0.724
6.41E-05***
A-recap.
CH27
0
0
NA
NA
U-signal lost
CH28
73.84
154.18
0.357
0.472
D-cat pred.
Tracker ID, linear relocation distances (LRD) from natal sites, total dispersal distances
(TDD) from natal sites, correlation coefficients (r) and p-values (p) from Rayleigh tests
for unimodality of angles, and Final known fates for each hatchling. Known fates are
categorized by alive and recaptured (A-recap.), alive and attempted recapture (A-att.
recap.), assumed alive and still moving (A-moving), unknown (U), or dead (D).
Significant p-values are indicated with * < 0.05, ** < 0.01, and *** < 0.001.
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Figure 2.2:

CH_001

CH_003

CH_005

CH_006

CH_007

CH_008

CH_009

CH_017

CH_025

Hatchling radio-tracking paths.

Visual summaries of 9 representative hatchling radio tracking paths. Blue triangles
represent natal sites and red squares represent final known locations.
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Figure 2.3:

Initial dispersal angles and distances of siblings.

A) Distribution of initial dispersal angles among 11 brother-sister pairs, where members
of the same pair share the same color, number, and ring; B) Comparisons of total
dispersal distances among 8 brother-sister pairs that were tracked for at least one week,
where orange bars represent females and blue bars represent males.
Hatchlings began to disperse from their natal sites between 1.01 and 6.14 days of
emergence (mean = 3.08 days), and maximum days dispersing varied from less than a
day to 22 days (10.2 ± 6.58 days). The farthest any hatchling was recorded dispersing in a
24-hour period was 1.3 km, indicating that neonates are capable of rapid and longdistance movement despite their small size. Most paths exhibited significant
directionality (Rayleigh p < 0.001), however, total dispersal distances among tracking
subjects (2.32 ± 2.26 km) exceeded linear relocation distances (1.38 ± 1.50 km) by up to
5.5 km, suggesting that overall trajectories diverge from linearity (Table 2.2, Fig 2.2).
Correlations among 11 brother-sister pairs in initial dispersal bearing were not significant
(Pearson p = 0.082; Fig 2.3A). However, there were no significant correlations in
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maximum days dispersing or total distance traveled (Fig 2.3B) among 8 pairs of siblings
that were tracked for at least one week (Pearson r < 0.5). There were also no significant
differences detected between males and females in any of these measures (Wilcoxon
Rank Sump > 0.05), although the female sibling dispersed farther in 6 of the 8 pairs.

Movement Through Ontogeny
A total 1,541 iguanas were tagged on Little Cayman between 2007 and 2017
(Appendix Table D.1). All 4 major age classes (hatchling, yearling, subadult, and adult)
were represented among captured individuals, including nearly 1,000 hatchlings.
Between 2015 and 2017, sampling effort and re-sighting rates varied markedly across age
classes and sexes (Fig 2.4). Annual re-sighting success was overall high amongst adults
(55-75%), consistent with high detectability and expected longevity exceeding 10 years
(Appendix 6). However, re-sighting success was exceedingly low amongst younger age
classes (< 2% in hatchlings) despite significant sampling effort. The degree to which this
should be attributed to high mortality, movement, association with distinct habitat types,
and/or overall low detectability, warrants further investigation.
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Figure 2.4:

Annual recapture rates

Annual recapture rates of iguanas in various age and sex classes between the survey years
of 2016 and 2017. Numbers of animals first captured in each age class in 2015 and 2016
are indicated in the numbers above bars for 2016 and 2017, respectively.
To compare movement across life stages, data for males and females in all
transition states between hatching and adulthood (H-Y, Y-SA, and SA-A) were
concatenated, as no significant sex-specific differences in linear relocation distances were
detected (Wilcoxon Rank Sump >> 0.05). I detected significant differences in mean linear
relocation distances among pairwise comparisons of life history transitions (Tukey HSD
p < 0.05; Fig 2.5). Linear relocation distances appeared to increase during the first year
and remain somewhat elevated during the second year, but approach zero during the
subadult and adult stages. Although adult females relocated the shortest distances
between survey years of any cohort examined (52.69 ± 84.8 m), females migrating to
nesting sites exhibited greatly elevated seasonal relocation distances (1.17 ± 0.91 km).
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Figure 2.5:

Linear Relocation Distance (m)

Discussion

Variation in movement and dispersal was clearly evident across distinct life
history stages in Cyclura nubila caymanensis on Little Cayman. I found 1) variation in
annual relocations of animals dependent on life stage; 2) pronounced seasonal nesting
migrations among females; and 3) long-distance movements associated with initial
phases of natal dispersal. Below, I discuss these results in the context of spatial ecology
theory and patterns observed in other insular iguana populations (Table 2.3).
I observe that C. nubila caymanensis on Little Cayman exhibit high fidelity to
discrete territories in the adult stage. Substantial variation in local iguana densities occurs
on Little Cayman, and in some areas adult home ranges span up to 5 ha (Sawannia 2012).
This variation agrees with a number of studies demonstrating that adult rock iguanas can
adjust the size of their home ranges to compensate for local density conditions (Alberts
1993; Iverson 2000; Alberts et al. 2002; Lacy and Martins 2003; Goodman et al. 2005;
Knapp and Owens 2005; Pérez-Buitrago et al. 2010; Table 2.3). Long-term recapture
data is still accumulating for this system, but thus far 24 capture histories 5 ≤ T ≤ 10
years have been documented and illustrate sex-biased patterns of long-term site fidelity.
All females within the sample (n = 15) have remained within 80 m of their original
capture locations, while males exhibit longer relocation distances (86 m < LRD < 1,035
m; n = 9). While anecdotal accounts from some taxa suggest that female rock iguanas
move between male territories to mate during the breeding season (Wiewandt 1977), my
genetic pedigree reconstructions (Chapter IV) imply that such movements are generally
restricted to short (< 300 m) distances.
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Summarized spatial parameters for insular iguana populations.
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Table 2.3:

Chapter IV meanwhile revealed routine polygyny and strong within-season
reproductive skew amongst males, supporting the inference that shifting territory
boundaries and turnover of male territories may occur at high rates. Longer term
monitoring would be required to characterize longevity and turnover among adults, as
these could have important implications for between-season reproductive skew and the
long-term stability of the breeding population.
I infer that establishment is delayed in C. nubila caymanensis based on
consistently elevated average annual relocation distances from the hatchling (H-Y)
through subadult (SA-A,M/F) transition stages compared with adults (A-A,M/F). Indeed,
while hatchlings tracked through their initial dispersal phases appeared to settle into final
locations within a maximum of 22 days, patterns gleaned from long-term monitoring
suggest that subsequent long-distance movement may occur over at least the first 1-2
years. Predation is understood to be a major selective pressure at the early life stages of
iguanas, and some researchers have extrapolated that increased time spent in non-optimal
habitat types (e.g., mangrove) is correlated with reduced mortality risk among radio
tracked neonates (Knapp et al. 2010). Thus, relocation in yearling and sub-adult life
stages may reflect animals moving into more optimal habitat as they outgrow this
vulnerable stage. Indeed, C. collei (Lewis et al. 2008) and C. pinguis (Gerber pers.
comm.) subadults that have been head-started, or reared in captivity until surpassing the
minimum body size thresholds to be deemed no longer vulnerable to predation, exhibit
minimal movements and high survivorship after release (but see Pérez-Buitrago et al.
2008). If habitat is heavily saturated, then frequent relocations at early life stages could
also be driven by intraspecific competition, where subadult establishment is limited to
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sites freed by the death of territorial adults (Hamilton and May 1977). Understanding the
ecology of subadult iguanas is crucial to linking natal dispersal with ultimate territory
establishment, and thus should be a topic of future studies in this system.
Radio-tracked females in my study migrated from diverse localities to utilize
communal nesting sites on the coast. The inference that migrants pass through seemingly
suitable and low-density nesting habitat en route to preferred communal sites is consistent
with observations in related taxa (Christian and Tracy 1981, Wiewandt 1982, Thornton
2000, Iverson et al. 2004a, Pérez-Buitrago et al. 2016), and could imply prohibitive costs
of entirely de novo nest excavation. As suggested by Pérez-Buitrago et al. (2016), the
size of the area exploited by females in search of suitable nesting habitat may increase
with island size (Table 2.3). Alternative strategies undertaken by females to select nesting
habitat is an underrepresented aspect of studies thus far. Indeed, specific mechanisms
underlying female migrations (e.g., natal philopatry, habitat suitability, competition) have
not been uncovered in this genus and are important for projecting long-term trends. While
habitat quality may account in large part for the incidence of dense nesting aggregations
in Cyclura, there has also been speculation as to the inherent social benefits of
communality (e.g., collective digging effort among females and ‘predator swamping’
effects experienced by emerging hatchlings), which may help elucidate behavioral
patterns (Wiewandt 1977, 1982). I discuss these potential benefits at greater length in
Chapter III. The evolution of communality for social benefits could also favor kin
structuring, and although one study on C. ricordi did not reveal fine-scale genetic
structuring of nests, resolving patterns of natal philopatry in Cyclura may require study
over large geographic and temporal scales (Carreras De León 2015). Notwithstanding,
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communal nesting areas can be expected to contribute substantially to recruitment over
many reproductive seasons, especially on small islands where suitable habitat is limited.
While the number of studies aimed at investigating natal dispersal patterns in
Cyclura is very limited, patterns emerging thus far indicate that a small island area does
not restrict movements undertaken by hatchlings. Indeed, despite Little Cayman’s small
size (28.5 km2), hatchlings in my sample dispersed for longer periods before settling than
hatchlings on Isla Mona (57 km2; Pérez-Buitrago and Sabat 2007) and their total
dispersal distances were greater than those documented on either Isla Mona or Andros
(island composite totaling 6,000 km2; Knapp et al. 2010), on average (Table 2.3). In
addition to dispersing long distances, radio-tracked neonates in my study were also found
to disperse along different paths than their clutch-mates. This behavior is distinct from
that of the mainland green iguana (Iguana iguana), in which neonates disperse in large
kin aggregations called “lounges” to confer protection from predators and enhance
feeding behaviors (Rand 1968, Montgomery et al. 1973, Burghardt et al. 1977, Burghardt
and Rand 1985). Because oceanic islands support a lower diversity of predators than
mainland systems, other adaptive functions of natal dispersal such as inbreeding
avoidance (Pusey 1987, Pusey and Wolf 1996) and reduced kin competition (Hamilton
and May 1977, Motro 1982, Frank 1986, Leturque and Rousset 2002) may play a
relatively larger role. On an island the size of Little Cayman, observed dispersal patterns
would promote significant genetic admixture, consistent with the absence of genetic IBD
detected in this population (Chapter IV). Reduced kin encounter frequencies owing to
dispersal at early life stages appears to minimize the role for active mate choice at later
stages (Chapter IV). However, dispersal capabilities do not always correspond to gene
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flow in Cyclura (Colosimo et al. 2014) and thus must be examined in concert with
population genetics. More tracking studies, in particular on small islands and across
whole clutches of offspring, would help to elucidate possible adaptive roles of natal
dispersal in insular Cyclura populations.
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CHAPTER III
REPRODUCTIVE BIOLOGY AND NESTING ECOLOGY OF THE SISTER
ISLANDS ROCK IGUANA ON LITTLE CAYMAN

Abstract
In oviparous species with limited parental care, nesting strategies have important
fitness consequences for females and offspring. Strategies such as aggregative nesting
may reduce energetic expenditure on excavation by allowing females to exploit the
efforts of conspecifics. However, social disadvantages – conspecific nest interference and
attraction of nest predators – could impose high fitness costs on offspring. Reptiles can
also modify structural parameters of subterranean nests to the effect of altering incubation
duration, offspring phenotypes, and hatching success. I evaluate the presence of these
fitness trade-offs in a long-lived, iteroparous iguana, Cyclura nubila caymanensis.
Further, I investigate whether nesting strategies are adjusted for individual parameters
(female competitive ability and reproductive timing). I expected that aggregative nesters
should invest less effort in nest excavation while possessing high competitive ability and
favoring late-season nesting to reduce risks of interference. In contrast, I found that nest
structural components varied independently of nest densities, and neither female
competitive ability nor reproductive timing predicted communal nesting behaviors,
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despite high rates of conspecific nest intrusion. However, early nesters in my study were
larger in size, and thus presumably more suited for extended nest defense. I also observed
that late-season nests incubated for significantly shorter periods, suggesting that full
development time may be compromised late in the season as neonates scramble to escape
nest site predators or compete for seasonally limited resources. Overall, greater nest depth
and longer incubation periods were associated with higher hatching success, while the
opposite effect was observed for degrees of nest clumping. Expressing both strategies
simultaneously had significant positive effects on hatching success – outweighing the
influences of either strategy acting alone. This observation, while underscoring the
importance of communal nesting sites on small islands, warrants longer-term
investigations into the repeatability of female behaviors and the long-term effects of natal
incubation environment on offspring fitness.

Introduction
In oviparous species with limited parental care, phenotypic plasticity in nesting
behavior creates opportunities for selection on both mothers and their offspring
(Mousseau and Fox 1998, Refsnider and Janzen 2010). If habitat requirements are not
met within normal home ranges, the selection of suitable oviposition sites can require
long-distance migrations (reviewed in Russell et al. 2005). Scarcity of suitable habitat has
also been invoked to explain the occurrence of communal egg-laying, a phylogenetically
widespread trait in reptiles and amphibians (Rand 1967, Graves and Duvall 1995, Radder
and Shine 2007, Doody et al. 2009). However, seasonal egg-laying aggregations are
observed to arise independently of population density (Harris et al. 1995) and habitat
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homogeneity (Rand and Dugan 1983, Magnusson and Lima 1984, Mora 1989, Hayes et
al. 2004, Doody 2006, Radder and Shine 2007) in otherwise solitary species. This
suggests that saturated habitat is not by itself a satisfactory explanation for clumped nest
distributions (Rand 1967, Graves and Duvall 1995, Radder and Shine 2007, Doody et al.
2009). Rather, non-independent choice of oviposition site may confer specific fitness
benefits (Giraldeau et al. 2002). These are not limited to the acquisition of social
information regarding habitat quality, but may also include the reduction of energetic
costs associated with nest construction (Plummer 1981, Rand and Dugan 1983) and the
dilution of individual predation risk via predator satiation or ‘swamping’ (Rutberg 1987,
Robinson and Bider 1988, Eckrich and Owens 1995, Harris et al. 1995, Spencer 2002).
Indirect evidence for such adaptive functions has been experimentally demonstrated in
ovipositing females that use conspecific eggs and eggshells as attractive cues for the
placement of their own eggs (Plummer 1981, Brown and Shine 2005, Radder and Shine
2007, Elphick et al. 2013).
Because communality almost always co-exists with solitary egg-laying in
populations where it has been studied (Doody et al. 2009), it stands to reason that
dichotomous strategies are maintained by fitness trade-offs. For example, females nesting
in isolation may save time searching for conspecific oviposition sites (Doody et al. 2009)
and avoid costly interactions, including intense competition for preferred sites,
investment in nest defense, and interference by later arrivals (Graves and Duvall 1995,
Cheetham et al. 2011). While a nest targeted in isolation may be disproportionately
predated in the absence of dilution effects, clumped nests are more likely to attract
common nest predators (Marchand and Litvaitis 2004). Provided plasticity of nesting
40

strategies, therefore, a given female’s phenotypic optimum should depend on individual
parameters such as competitive ability and timing of reproduction and nesting. For
example, early nesting may magnify the risk of nest interference at communal nest sites if
a female is unable to invest in long-term guarding, as was observed in a large nesting
aggregation of green iguanas (Bock and Rand 1989). Nesting unseasonably late, on the
other hand, could limit availability of high-quality oviposition sites, thereby heightening
rates of desiccation and parasitism (Bock and Rand 1989).
In addition to strategies employed by females in the selection of oviposition sites,
females may also exhibit plasticity in physical nest construction. The majority of egglaying reptiles oviposit in the ground, and considerable energy may be expended in
excavation (Rand 1968, Mora 1989, Burger and Zappalorti 1991, Hayes et al. 2004).
Forelimb-digging reptiles are capable of readily modifying nest dimensions (Nelson et al.
2004) and sometimes excavate nests of extreme depths (reviewed in Doody et al. 2014).
Together with microenvironment features such as sun exposure and substrate type (Wood
and Bjorndal 2000, Spencer and Thompson 2003), a nest’s structural dimensions can
shape the developmental environment experienced during incubation. Deep nests tend to
be associated cooler, more thermostable, and moister developmental environments
(Burger 1976, Packard and Packard 1988, Thompson 1988, Doody et al. 2015) as well as
longer incubation periods (Martins et al. 2007, Andrews et al. 2017). Such conditions
may be selected for in prolonged dry seasons to buffer eggs against desiccation (Nelson
et al. 2004, Doody et al. 2015). In addition to effects on hatching success, an egg
chamber’s thermal and hydric conditions also impart profound effects on all aspects of
offspring phenotype, from size and sex to locomotor speed (reviewed in Booth 2006,
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Refsnider and Janzen 2010, Bodensteiner et al. 2015). Specifically, incubation at greater
depths has been found to result in larger offspring, a trait under strong selection in some
populations (Brown and Shine 2006). On the other hand, embryogenesis accelerates
under elevated incubation temperatures (Matsuzawa et al. 2002, Iraeta et al. 2007, Du et
al. 2009, Telemeco et al. 2010) and high diel thermal variation (Du and Shine 2010). This
allows clutches that were laid late to hatch earlier, thereby taking advantage of seasonally
warm temperatures and high resource availability (Andrews et al. 2000, Qualls and Shine
2000, Shine and Olsson 2003, Warner and Shine 2007) and potentially avoiding
predation (Doody and Paull 2013).
A promising system for investigating selective constraints on different nesting
strategies is the West Indian rock iguana (genus Cyclura), a large-bodied, insular lizard
for which a range of nesting behaviors including aggregative oviposition have been
documented (Vogel 1994, Gerber 2000, Carreras De León 2015, Pérez-Buitrago et al.
2016). These island endemics exhibit a number of life history traits – high annual adult
survivorship and longevity, iteroparity, and nesting seasons lasting up to two months –
that could potentially lead to more within-season plasticity in nesting strategies. Much of
the conversation surrounding nest-site selection in Cyclura has focused on the
constraining habitat features of Caribbean islands. Indeed, Caribbean ecosystems are
predominantly characterized by karst limestone terrain whereas the deep, sandy soil ideal
for digging subterranean nests occurs only sparingly along coastlines (Wiewandt 1977,
Thornton 2000, Iverson et al. 2004a, Pérez-Buitrago et al. 2016) or in sparsely vegetated
plateaus (Carreras De León 2015). Even in loose substrate, females may devote several
days to the excavation of nests (Rand 1968, Hayes et al. 2004). Iguanas are also known to
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migrate long distances to preferred sites (Christian and Tracy 1981, Dugan and Wiewandt
1982, Thornton 2000, Iverson et al. 2004, Pérez-Buitrago et al. 2016, Chapter II) and to
aggressively guard nests (Wiewandt 1977, Dugan and Wiewandt 1982, Iverson et al.
2004a, Knapp and Owens 2005). To compensate for added energetic strain, it has been
suggested that communal nesters preferentially exploit the digging efforts of conspecifics
(Wiewandt 1982, Rand and Dugan 1983, Werner 1983, Bock and Rand 1989).
In this study, I report on 4 years of nesting surveys of Cyclura nubila
caymanensis on Little Cayman. My purpose was to investigate how variation in nest
densities and nest structure relates to female competitive ability and timing of nesting,
and how these parameters interact to influence fitness outcomes for offspring. I predicted
that if aggregative nesting is characterized by intense female-female competition and
high rates of interference for early nests, this strategy should favor large, competitive
females and late-season nesters. Further, I anticipated that greater nest excavation effort
(i.e. deeper chambers) should produce more stable incubation conditions and thus reduce
risks of egg failure due to environmental unpredictability. However, reasoning that
minimized energetic investment in excavation is a major benefit of communal nesting, I
expected that spatially clumped nests should exhibit reduced nest dimensions compared
to solitary nests.
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Materials and Methods
Nest Surveys
For 4 consecutive years, surveys of nest sites took place over two time intervals –
the nesting season (May-June) and the emergence season (August-September). Survey
sites were visited twice daily (with the exception of prohibitively inclement weather;
Appendix D.1), to note developments associated with nesting (process described in detail
by Iverson et al. 2004). Briefly, these included direct observation of digging females, the
appearance of newly excavated entrance tunnels, and discolorations in the substrate
concealing freshly filled entrance tunnels. Upon completion, nests were assigned a
unique ID, marked with pink flagging tape, and georeferenced with a handheld GPS.
Nests that were re-opened and subsequently re-sealed by a female other than the nest’s
original constructer were documented independently. Twice daily surveys were resumed
in early August to record emergence events. Emergence of a nest was inferred by the
appearance of an ‘escape’ hole anterior to the egg chamber (detailed in Nest excavations,
below). A nest’s incubation length was recorded as the number of days between closure
and emergence.

Individual capture and identification
Iguana captures were carried out by noose, net, or appropriately sized mesh live
traps (Tomahawk Live Traps, Hazelhurst, WI, USA) outside of nesting sites as well as
within active nesting areas. To reduce disturbance to females during oviposition, captures
were limited to periods after nest closure when females were spent. To differentiate
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between individual females and associate marked nests with nesters, iguanas were
marked in two ways: externally with a unique color combination of small, glass beads
secured through the nuchal crest using extremely durable Spectra fiber fishing line, and
permanently with HPT8 MiniChip Passive Integrated Transponder tags (Biomark™,
Boise, ID, USA) injected sub-dermally at the dorsal tail base. Standard morphometric
measurements were collected for each animal, including snout-vent length (SVL) in cm
and body mass in grams. Female body size served as a proxy for competitive ability in
this study, as the trait has been linked to dominance in fights in lizards (Tokarz 1985,
Huyghe et al. 2005). Also, because iguanas grow indeterminately, body size is a good
indicator of age and experience.
Genetic samples were obtained in the form of small volumes of blood (0.5-1.0
mL) drawn from the ventral caudal vein. Because detection of females at nest sites was
imperfect, I employed pedigree reconstruction of whole clutches of offspring, as detailed
in Chapter IV, as a secondary tool for identifying nesters among previously sampled
candidates. Females encountered within survey sites for the entirety of the nesting season
and during the emergence season were classified as residents, while females that were
documented nesting at the site for brief periods and not encountered during the
emergence season were classified as migrants. When females were documented nesting
in more than one survey year, this data was leveraged to estimate minimum return rates
of tagged nesters.
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Nest excavations
Wherever possible, nests were excavated to investigate structure and evaluate
hatching success (Appendix D.2). The process of excavating iguana nests by hand is
extremely time and labor intensive, and not all nests that were identified within a nesting
season could be excavated to completion. However, many nests that were not excavated
during the nesting season were excavated following hatchling emergence by digging out
the emergence tunnel. These “post-emergence” excavations facilitated the determination
of clutch size, hatching success, and chamber depth even for nests possessing limited
nesting season data. Substrate types were recorded as sand, gravelly sand, rocky, or red
dirt. For a small sample of nests in 2016 (n = 15), HOBO data loggers (Onset, Bourne,
MA, USA) were deployed within egg chambers at the start of incubation to collect data
on chamber temperature up to and including emergence.

Statistical Analyses
All statistical analyses that follow were performed in R v. 3.5.0 (R Core
Development Team 2017). Dates of closure (start) and emergence (end) for each nest
were defined in Julian days. To account for the possible role of climatic and social cues
in regulating within-season phenology, dates were scaled relative to each year’s activity
peak (estimated from daily nest counts). A reduced dataset consisting of observations
with paired start and end date was tested for equality of variance using an F-test. To
quantify nest densities, a modified edge-thinning technique (Brooks 2006; Appendix E)
was employed to define 3 threshold distances of spatial clustering – 85 m, 140 m, and
440 m – and hierarchically partition nests into spatial ‘neighborhoods.’ Nest counts were
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obtained for each neighborhood by year, and nearest neighbor distances were calculated
with the R package ‘spatstat’ (Baddeley and Turner 2005). Parameter estimates were
restricted to nests within regularly monitored sites such that analyses would reflect all
possible interactions among surveyed nests.
To identify the primary axes of among-individual variation in nest incubation
environments and relate these to dam body size, phenology, and hatching success, I
employed a multivariate principal components analysis (PCA). I accounted for
incompleteness in my dataset by preparing a reduced sample (n = 120) consisting of
observations with no more than one of the following parameters missing: chamber depth
(n = 115), tunnel length (n = 98), incubation length (n = 100), neighborhood nest counts
within 85, 140, and 440 m (n = 120), and nearest neighbor distance (n = 118).
Outstanding missing values were estimated via non-parametric multiple imputation, as
implemented in the R package ‘missMDA’ (Dray and Josse 2015, Josse and Husson
2016). Nearest neighbor distances were log10-transformed and inverted such that all
neighborhood parameters would show the same directionality (higher values correspond
to greater neighborhood nest counts and nearer neighbors). The prcomp function in R
was used to perform the PCA. Principal components (PCs) were retained if they produced
eigenvalues >1 and factor loadings with eigenvectors greater than 0.4 or less than -0.4
were used to characterize each PC (Kaiser 1960).
Mixed-effects modeling approaches implemented in the R package ‘lme4’ (Bates
et al. 2015) were employed to evaluate the interrelatedness of variables in my dataset. I
tested for linear and quadratic responses of female competitive ability (measured as dam
SVL) and female nesting strategy (individual PC scores) to reproductive timing (relative
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start date). Female Competitive ability was also investigated as a possible predictor of
nesting strategy. Finally, the influence of phenology, female competitive ability, nesting
strategy, and their interactions on clutch hatching success was examined via a series of
binomial logistic regression models weighted by clutch size. Site and year were specified
as random effects in all models, and residency status was incorporated as random effect
in all models testing effects of female competitive ability.

Results
I identified a total of 296 iguana nests on Little Cayman between 2015 and 2018.
Of these, 259 occurred at one of the 8 West End sites regularly monitored for all 4 years,
and 9 occurred at sites on the southern coastline that were monitored throughout the 2017
season. The remaining 28 nests were identified opportunistically in island areas not
regularly monitored by survey. Counts were fairly consistent across 4 years of survey
efforts, with minor between-year fluctuations requiring greater long-term data to trace to
specific sources of variation. A summary of all parameter values collected from
individual nests across all 4 years is provided in Table 3.1.
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Table 3.1:

Nest parameters.
Parameter

Phenology
Julian Start Date
Julian End Date
Maternal
Dam SVL (mm)
Dam Mass (g)
Clutch Size
Average Egg Length
Average Egg Width
Average Egg Mass
Incubation Conditions
Incubation Length (days)
Tunnel Length (cm)
Chamber Depth (cm)
No. of Nests (85 m)
No. of Nests (140 m)
No. of Nests (440 m)
Nearest Neighbor Distance
Mean Chamber Temp
Mean Temp Fluctuations
Nest Success
Pre-Emergence Clutch Success
Post-Emergence Clutch Success

N

Minimum

Maximum

Mean

Standard
Error

241
171

129
212

179
257

158.74
234.67

8.92
7.45

80
79
151
34
34
35

283
620
3
54.48
36.05
44.18

480
6050
25
70.65
49.21
78.21

401.1
2979.94
12.79
61.24
42.96
61.80

4.0
113.77
0.34
0.56
0.39
1.25

134
106
145
261
261
261
257
15
15

58
2
10
1
1
1
1
31.84
0.14

88
473
80
12
18
27
93.34
34.42
2.82

75.71
163.87
39.90
5.44
6.98
14.01
12.27
33.10
0.61

0.54
8.92
1.22
0.18
0.27
0.53
1.00
0.18
0.18

38
146

0.44
0.00

1.00
1.00

0.96
0.89

0.02
0.02
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2015
20

count

15
10
5
0
May 1

May 26

Jun 20

Jul 14

Aug 9

Sep 3

Sep 28

Aug 9

Sep 3

Sep 28

Aug 9

Sep 3

Sep 28

Aug 9

Sep 3

Sep 28

Date

2016
20

count

15
10
5
0
May 1

May 26

Jun 20

Jul 14

Date

2017
20

count

15
10
5
0
May 1

May 26

Jun 20

Jul 14

Date

2018
20

count

15
10
5
0
May 1

May 26

Jun 20

Jul 14

Date

Figure 3.1:

Phenological patterns of nest closures and emergences by year.

Blue lines represent observed nest closures and green lines represent observed nest
emergences. Survey dates are bounded within non-shaded areas, and 15% and 85%
quantiles of nesting activity each year are bounded by red dashed lines.

Phenological patterns
I observed activity seasons of 5 to 7 weeks for both nesting and emergence (Fig
3.1). Pronounced peaks of between 2 (2018) and 3 (2015) weeks in duration
encompassed 85% of nesting activity each year, and these consistently fell between the
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dates of May 25th and June 17th. Peak emergence dates fell between August 12th and
September 3rd each year. Start dates did not vary significantly between survey years (F3,84
= 0.343, p = 0.794), but I detected significant pairwise differences in end dates between
2015 and 2018 (TukeyHSD p = 6.51e-05) and between 2016 and 2018 (TukeyHSD p =
0.002), likely due to staggered survey periods for the latter half of each season. Variance
in start dates did not deviate from variance in end dates of paired nests (F-Test p =
0.106). Inferred incubation lengths were marginally left-skewed (skewness = -0.22) and
were significantly shorter in 2015 than in 2018 (TukeyHSD p = 0.010).

Female behaviors and reproductive output
A total of 81 unique tagged females were documented nesting on Little Cayman
between 2015 and 2018. The smallest recorded dam in my dataset (28.3 cm in SVL and
1080 g in mass) was inferred to be 2-3 years of age based on size trajectory analysis
(Appendix C). Dam SVL was significantly positively correlated with clutch size (t =
3.41, R2 = 0.199, p = 0.001). While individual egg dimensions did not vary with clutch
size, eggs of smaller females were found to be significantly longer (n = 16, Estimate: 0.516, p = 0.031) and narrower (n = 16, Estimate = 0.477, p = 0.0003), which may reflect
compensation for small body cavities (Sinervo and Licht 1991, Iverson et al. 2004a).
Residents accounted for 39.2% of unique dams at regularly monitored sites (n =
51), occurring predominantly at Sites 3, 7, and 8. Migrants and residents did not differ
significantly in body size (t-test t = 0.497, p = 0.637) or nesting date (t-test t = -1.20, p =
0.235). Migrants excavated shallower nests compared to residents, however this
difference was not significant (t-test t = -1.97, p = 0.058). Among tagged females that
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were first documented in 2015 (n=33), 82% were observed or genetically inferred to have
returned to the same site to nest in a subsequent year (2016, 2017, and/or 2018; Table
3.2). Observed return rates were markedly reduced between 2017 and 2018; only 55% of
2016’s nesters (n = 53) were observed nesting again, likely reflecting lower numbers of
nesters recorded in these years. More residents than migrants were observed re-nesting at
a site in multiple years; however, greater time spent in association with nests within the
regular activity center could bias this result. Females were documented nesting at a site
other than their original recorded nest site on 4 occasions, and mortality explained at least
4 occasions when females failed to return in a subsequent year. Nesting observations
among females that were documented nesting in multiple years (n = 44) were dated to
within a maximum window of 28 days across years (mean = 7.05 ± 6.15 days).

Table 3.2:

Female return rates.
No. of Nesters Recorded

Migrants
Residents
Overall

2015

2016

2017

2018

22
10
33

29
20
51

19
6
26

9
14
25

2015 2016
50.0%
100.0%
63.6%

Return Rates
2015 –
2016 2017
later year
77.3%
31.0%
100.0%
35.0%
81.8%
31.4%

2016 –
later year
37.9%
85.0%
54.9%

Nesting Strategies
Local densities were highly variable within regularly monitored sites. Number of
nests at the coarsest scale quantified for focal sites (440 m) ranged from 1 to 27 (Fig 3.2).
Preston Bay (Site 5) supported the highest density of nests in each year except for in
2018, following a consistent decline in counts at the communal site between 2015 (n=28)
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and 2018 (n=17). I detected a total 46 completed nests that shared some part of their
tunnel with one or more neighboring active nests. By this estimation, 7.3% of all eggfilled nests and 20.3% of the egg-filled nests at Preston Bay were subsequently dug into
by one or more intruding gravid females. The majority of nests that shared tunnels
possessed separate egg chambers. In at least one instance, two females were inferred via
genetic reconstruction to have oviposited in the same egg chamber. Because genetic
sampling of individuals was incomplete, the propensity of this behavior could be
underestimated. Nest dimensions varied widely independent of site (ANOVA F = 1.65, p
= 0.074) or substrate (ANOVA F = 2.23, p = 0.087). Tunnel length was positively
associated with egg chamber depth (t = 2.67, R2 = 0.06, p = 0.009). Mean daily
temperature fluctuations, but not mean daily temperatures, were magnified in shallow
chambers (t = -5.66, R2 = 0.69, p = 7.853e-05).
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0
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’16

’17

’18
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20
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0

Site 3
30
20
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0

Site 7
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’16

’17
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20
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0

’18

’15
’15

’16

’17

’16

’17

’18

’18

Site 4
30
20
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0
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Site 5 (Preston Bay)
’15

’16

’17
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20
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0
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’18 20
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0
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Figure 3.2:

30
20
10
0

Site 6

’16

’17

’18

Site 9
’15

’15

’16

’17

’16

’17

’18

30
20
10
0
’15 ’16 ’17 ’18

’18

Site 10
30
20
10
0

Site 11
30
20
10
0

’15 ’16 ’17 ’18

’15 ’16 ’17 ’18

Annual nest counts at major survey sites.

Sites 1-8 on the West End were monitored consistently between 2015 and 2018, while
sites 9-11 on the southern coastline were monitored only in 2017. Each site is described
in detail in Appendix A.
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Interactions of Nest Parameters
Two principal components were retained from the PCA of nest incubation
conditions, which together explained 57.6% of variance in strategy (Table 3.3).
Neighborhood nest counts loaded highly and positively on PC1 (the “number of
neighbors” axis), while PC2 awarded high scores to nests with deep chambers and long
incubation periods (the “incubation depth and duration” axis). Dam body size did not
relate significantly to either PC1 or PC2. Parameters exhibited variable responses to
timing of nesting within sites, with dam body size (Estimate = -0.502, p = 0.042) and
incubation depth and duration (Estimate = -0.048, p = 1.88e-05) showing significant
inverse linear relationships with relative start date. Hence, late-season nests tended to be
constructed by smaller dams, attain shallower depths, and exhibit shorter incubation
periods (Fig 3.3). Quadratic responses of PC1 to relative start date imply that
neighborhood counts of selected oviposition sites were highest for nests constructed at
peak of the nesting season. However, this trend failed to reach statistical significance.

Table 3.3:

Factor loadings from PCA of nest parameters.

PC1
PC2
39.80%
17.80%
Incubation Length
-0.074
0.637
Tunnel Length
-0.247
0.371
Chamber Depth
-0.255
0.509
No. of Nests (85 m)
0.516
0.173
No. of Nests (140 m)
0.536
0.092
No. of Nests (440 m)
0.479
0.030
Neighbor Proximity
0.292
0.397
Factor loadings from a multivariate principal components analysis of incubation
condition parameters. Two principal components with eigenvalues > 1 were retained
from this analysis. Factor loadings with eigenvectors > 0.4 or < - 0.4 are bolded.
Loadings
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Dam SVL

P Relative Day = 0.042*

Incubation Length

P Relative Day = 2.40e−11***

Chamber Depth

P Relative Day = 0.023*

No. of Neighbors (140 m)

P Relative Day = 0.763
P Relative Day2 = 0.150

Relative Date

Figure 3.3:

Temporal trends in individual nest parameters.

Dam body size, incubation length, chamber depth, and number of neighbors within 140 m
for individual nests across the pooled range of nest survey dates. All parameters are
displayed as Z scores and plotted against relative start dates. Red lines represent dates of
peak nesting activity across pooled survey years. Observations are binned by intervals of
4 days and bar heights represent mean values of nests contained by the respective bin. Pvalues in each plot were obtained from linear mixed effect models of relative start date on
each parameter, with site and year specified as random effects.
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Effects on Clutch Hatching Success
Clutch hatching success was high overall (89.4 ± 21.6%; n = 146), including
among nests that shared tunnels with other nests (88.3 ± 25.3%; n = 32). Inviable eggs
were recovered from 39% of emerged egg chambers, and of those excavated at two time
intervals (e.g. once after initial closure and again following emergence), 23.6% of egg
failure was dated to within 1-23 days of incubation. Although high rates of nest re-entry
were observed among unguarded nests, I documented few instances of clutch disturbance
or destruction resulting directly from antagonistic female behaviors. Exceedingly low
hatching success (<65%) attributable to environmental effects was observed in only
11.1% of excavated nests. A specific explanation for low hatching success (attack by fire
ants) was identified in only 3 instances, while remaining cases were attributed to
unknown causes (possibly maternal effects or disturbance). Failure to detect emergences
in nests with clearly marked egg chambers (n = 13) may be attributed to total clutch
failure. Total clutch failure was directly observed on 3 excavations, 2 of which involved
females laying small clutches of entirely inviable eggs. The third occasion involved a nest
that was re-entered 4 times, and upon the fourth re-entry, >30 inviable eggs were
discovered in the main tunnel and in a terminal egg chamber. While direct evidence is
lacking from this study, clutch failure resulting from disturbance by conspecifics may
occur more frequently than is detected due to a limited capacity to excavate on multiple
occasions.
Results of mixed-effects models revealed significant independent contributions of
relative start date and both nesting strategy PCs to clutch hatching success (Table 3.4).
Hatching success increased with later relative start dates and greater incubation depth and
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duration, but decreased with greater number of neighbors. The interaction of incubation
depth and duration and number of neighbors was associated with significantly improved
hatching success. This net effect was stronger than the single contributions of either
principal component, suggesting that elevated risks of egg damage with crowding can be
more than offset by the construction of deep chambers with long incubation periods.
While the strategies of aggregative nesting and deep nest construction exhibited different
relationships with relative reproductive timing, I detected no significant effects on
hatching success resulting from the interaction of either PC with relative start date or dam
competitive ability.

Table 3.4:

Results of binomial logistic regression models of clutch hatching success.
Contribution to Clutch Hatching
Success
F (dfn,
Estimate
SE
Pr > F
dfd)
0.024
0.011 4.367
0.038*
0.071
0.061 1.355
0.240
-0.186
0.088 4.557
0.034*
0.203
0.101 4.146
0.045*

Source of Variation

Relative Start Date
Dam Body Size
No. of Neighbors
Incubation Depth & Duration
No. of Neighbors x Incubation Depth &
0.198
0.065 9.185 0.002**
Duration
No. of Neighbors x Relative Start Date
-0.001
0.006 0.019
0.891
No. of Neighbors x Dam Body Size
0.057
0.054 1.102
0.291
Incubation Depth & Duration x Relative Start
0.017
0.012 2.014
0.156
Date
Incubation Depth & Duration x Dam Body Size
-0.148
0.093 2.378
0.113
Source of Variation and Contribution to Clutch Hatching Success (Estimate, Standard
error (SE), F-statistic on numerator and denominator degrees of freedom (F (dfn, dfd)),
and P-value (Pr > F). Clutch hatching success is weighted by clutch size. Significance
values are reported for all fixed effects and their interactions. All models specify site and
year as random effects. Models including dam body size as a fixed effect also specify
residency status as a random effect.
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Discussion
In this study, I evaluated variation in nesting behaviors across 4 years of survey
effort in a free-ranging rock iguana to characterize the ways in which individual
parameters influence nesting strategies and predict reproductive outcomes. My results
indicate that aggregative nesting is associated with highly exploitative nest excavation
behaviors and significant egg loss. While dam body size did not seem to influence
tendencies towards communal nesting, an overrepresentation of large females early in the
season suggests that individuals who are unable to invest in extended defense may trade
off priority oviposition site selection to reduce chances of latecomer interference.
Nonetheless, diminished selection of communal nesting areas following seasonal activity
peaks implies that this strategy is temporally, and likely competitively, constrained.
Structural characteristics of nests varied independently of local densities, and nest depth
predictably and positively affected incubation duration, thermostability, and hatching
success. As the season progressed, females appeared to trade off the security of greater
incubation depth and duration. This tendency could reflect behavioral adjustments to
accelerate offspring development late in the season. That the implementation of both
strategies simultaneously resulted in significantly increased hatching success suggests
that communal nest sites possess properties that are important to the success of offspring,
as well as the fitness of females.
My 4-year dataset reflects an abbreviated and fixed nesting season on Little
Cayman, with 85% of annual activity consistently falling within a 2-3 week period in the
first weeks of June. Several well-studied Cyclura systems are similarly characterized by
punctuated and highly predictable nesting seasons (Wiewandt 1977, Iverson et al. 2004a,
58

Knapp et al. 2006, Pérez-Buitrago et al. 2016). Because phenologies show no relationship
with latitude and vary even among closely related taxa and geographically proximate
populations (Iverson et al. 2004a, Knapp et al. 2006), local adaptation is generally
invoked to explain population-level patterns. Despite year-to-year predictability in timing
of nesting, observed incubation lengths varied substantially in my sample (~60-90 days).
Seasonally late nests exhibited the shortest incubation periods, consistent with selection
acting on the timing of emergence. Because this population is characterized by small size
and high fecundity, I infer that competition among neonates for seasonally limited
resources could be important in promoting these dynamics.
Surveyed sites in this study supported highly variable nest densities, from solitary
nests to aggregations of between 20 and 30 nests at Preston Bay, a 1.12-ha communal site
on the westernmost coastline. Nest site philopatry – a strategy exhibited by females of
related taxa (Iverson et al. 2004a, Knapp and Owens 2008, Pérez-Buitrago et al. 2016) –
appears to play a role in perpetuating traditional site use, with approximately 82% of
first-year nesters returning to oviposit at the same site in a subsequent survey year.
Independent of other parameters, I detected significant reductions in hatching success
associated with high surrounding nest densities. The implication of this is that communal
behaviors that promote intense bouts of competition, as have been documented in
Cyclura (Wiewandt 1977, 1982, Iverson et al. 2004a, Knapp and Owens 2008), can have
important carry-over effects on the fitness of eggs and offspring. On Mona Island, 1015% of egg-filled nests at a major communal nesting site are reportedly dug into by
intruding females (Wiewandt 1977). Similarly on Little Cayman, I estimate that intruding
females dug into approximately 20% of egg-filled nests at Preston Bay. On at least one
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occasion, such an intrusion resulted in the total destruction of 1-2 large clutches of eggs.
Observations of egg loss caused by conspecifics have also been made by Iverson et al.
(2004) and Hayes et al. (2004). Such anecdotal accounts likely underestimate the fitness
consequences of female-female competition within communal sites. Although many nests
that were intruded upon still experienced high hatching success, even a small chance of
total clutch failure should select strongly for behaviors that mitigate this risk.
Contrary to expectations, I found no evidence that a female’s physical ability to
defend nests and usurp competitors (i.e. body size) predicted tendencies towards
aggregative nesting. It is possible that young, first-time nesters select communal sites by
copying the choices of older conspecifics, and gain nesting experience through the
exploitation of existing tunnel networks. Further, small females might modulate costly
interactions with larger conspecifics via timing of oviposition. Indeed, trends of
decreasing dam body size within sites as the nesting season progressed, similar to those
documented in other Cyclura (Alberts 1995, Cyril 2001, Iverson et al. 2004a), implicate
individual competitive ability as a critical precursor to investment in extended defense.
At the population level, Wiewandt (1993) proposed that communal nesting could act as a
modifier of nesting phenology, selecting for highly abbreviated nesting seasons.
Consistent with this theory, I observed that the strategy of communal nesting is
increasingly favored up to the seasonal peak of nesting, but that aggregative behaviors
diminish beyond this point. I infer that outcompetition from priority sites towards the tail
end of the nesting season may result in spillover of nesters into low-density, satellite
areas. Early in the season, on the other hand, selection of low-density nesting areas might
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reflect relaxed competitive and therefore temporal constraints, for example, among
females that nest within or close to their home territories.
My data further suggest a major role for nest structural characteristics in shaping
the latter stages of nesting phenology. Consistent with patterns previously described in
other reptiles (Martins et al. 2007, Andrews et al. 2017), I detected significant positive
correlations between egg chamber depth and incubation length. My measure of
incubation length could not account for potential periods of latency between egg hatching
and emergence, which may have been greater for deeper chambers due to the greater
tunneling effort required by hatchlings to reach the surface. Nonetheless, a non-mutually
exclusive explanation for this phenomenon is that embryogenesis in reptiles proceeds
more slowly at cooler, more stable temperatures (Du et al. 2009, Du and Shine 2010). In
my sample, increasing nest depth appeared to buffer eggs against extreme daily
temperature fluctuations but exhibited no correlations with mean daily chamber
temperature – a contrast with other studies of reptiles (Burger 1976, Packard and Packard
1988, Thompson 1988, Doody et al. 2015). Although hydric properties of egg chambers
were not quantified in this study, I suspect that higher moisture levels likely accompany
greater thermostability of deep nests. Taken together, the incubation environments of
deeper nests contributed to significantly higher hatching success. Delayed hatching in
deeper nests also has the potential to enhance offspring size and performance, as
prolonged incubation allows for full absorption of yolk and may promote further
differentiation prior to emergence (Shine and Olsson 2003). Consistent with this
expectation, in Chapter III of this study I identify links between incubation duration and
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neonatal body size, a trait potentially critical for locomotor performance and predator
evasion.
Despite variation in nest dimensions, my predictions regarding energetic tradeoffs of nest excavation were not met. Dams expected to favor less energetically costly
excavation tactics (e.g. those with smaller body sizes or those nesting in larger
aggregations) exhibited no significant reductions in their nest dimensions. However, I
detected a non-significant tendency of resident nesters to excavate deeper nests than those
of migrants, which would imply that investment in migration, but not defense, may
necessitate energetic trade-offs. Testing this prediction would require closer examination
of behavioral time allocations by nesters, as times spent in nest defense were not
explicitly quantified in this study. It is further worth noting that the strategy of deep nest
construction was expressed disproportionately among early nesters, possibly reflecting
behavioral adjustment by females to allow for longer incubation. In contrast, late nesters
appear to experience strong selection against strategies that delay hatching, despite
possible benefits to offspring viability and performance. Evidence for this trade-off exists
in lizards, with the latest-hatching individuals exhibiting reduced rates of juvenile growth
and survival (Warner and Shine 2007). These patterns presumably result from heightened
resource competition and predation risks. In iguanas, rapid dispersal away from natal
sites is crucial for early survivorship (Knapp et al. 2010), and within nesting
aggregations, stragglers may be disproportionately targeted by predators as they are
attracted to lingering odors of egg hatching (Cheetham et al. 2011). Consistent with this
expectation, native snakes (Cubophis ruttyi) typically converge on Little Cayman’s
coastal nesting areas around the peak of hatching season (Moss, pers. obs.).
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On the surface, evidence presented in this study reinforces the notion that
aggregative oviposition should impose trade offs between the interests of mothers and
offspring. Specifically, by exploiting conspecific burrows, females are expected to reduce
their energetic expenditure on excavation while also incurring elevated risks of
disturbance to their own clutch. On the contrary, increasing temporal windows for
conspecific interference within dense aggregations (e.g. earlier nesters) were found to be
uncorrelated with rates of hatching failure on Little Cayman. This suggests that other
characteristics of early nests; perhaps deep egg chambers and/or large female body size,
are effective at countering risks of interference, assuming this is a major cause of egg
failure within large aggregations. Indeed, coupling aggregative nesting with deep nest
construction and prolonged incubation was found to impart net positive effects on
hatching success, the significance of which was an order of magnitude greater than either
strategy acting alone. This observation underscores that while use of traditional
communal sites may expose offspring to the possibility of damage or destruction by
intruding conspecifics, some properties of these sites also introduce unique benefits. Nest
excavations revealed that these nest intrusions generally culminate in isolated egg
chambers branching off of shared tunnels, and very rarely in egg loss. Consistent with
reports from a number of studies of nesting Cyclura (Wiewandt 1993, Thornton 2000,
Cyril 2001, Iverson et al. 2004a), I also noted old eggshells within freshly excavated
nests, indicating that tunnel networks are frequently used for more than one season.
Repetitive use of tunnels likely confers selective advantages because it should greatly
reduce the energetic costs associated with nesting, and may also indicate site quality.
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To conclude, my study has characterized plasticity in nesting strategies expressed
by a free-ranging, long-lived reptile and identified distinct trade-offs in preference and
performance of these strategies, which vary with individual reproductive timing and
competitive ability. Importantly, empirical findings emphasize the significant
contributions of communal nest sites to population recruitment on small islands.
Expanding the environmental nest parameters under investigation (e.g. substrate
moisture, root densities, vegetative cover) may aid in the identification of specific habitat
features of communal sites that contribute to greater hatching success of some nests.
More long-term studies to track the influence of natal incubation environments on
hatchling performance, growth, and survivorship would further elucidate the existence of
trade offs in the interests of mothers and offspring. I expect that the collation of data
spanning the natural ranges of behavior will have profound informative effects on our
capacity to establish and manage protected nesting areas for endangered Cyclura.

64

CHAPTER IV
INBREEDING AVOIDANCE: EVIDENCE FOR NON-ASSORTATIVE MATING
AND MULITIPLE MATING ON LITTLE CAYMAN

Abstract
In natural populations susceptible to inbreeding depression, behaviors such as
female promiscuity and disassortative mating may enhance the production of outbred
progeny and help maintain genetic variation at the population-level. However, empirical
tests of such hypotheses have largely focused on mating systems in which female choice
is known to play a large role. In insular reptile populations, cryptic choice may be
important for overcoming constraints on precopulatory choice and diversifying breeder
representation. I carried out pedigree reconstructions of 50 clutches of critically
endangered Cyclura nubila caymanensis (Sauria: Iguanidae) to investigate the prevalence
and efficacy of strategies theorized to optimize genetic compatibility among mate pairs. I
found that females tended to produce more heterozygous offspring on average when they
mated disassortatively and multiply, but not with respect to male heterozygosity. Pair
relatedness also had a negative effect on hatching success, while additional sires
positively influenced clutch size. Despite evidence for direct and indirect benefits,
females did not mate with more outbred or genetically dissimilar males than expected by
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chance. My data imply strong reproductive skew among males, with geographic
proximity of territories and body size largely predicting siring success. Multiple-paternity
occurred in a minimum of 38% of clutches. Paradoxically, females were not more
promiscuous when confronted with more males, as demonstrated at a site supporting high
local densities. My data imply that while female mating behaviors have the potential to
confer adaptive benefits in this small population, the trajectory of mating system
evolution may be largely constrained by sexual conflict.

Introduction
Despite garnering much attention in the field of evolutionary ecology, the role of
indirect genetic benefits in driving the evolution of mate choice remains controversial
(Kokko et al. 2003, Mays and Hill 2004, Neff and Pitcher 2005, Kempenaers 2007,
Prokop et al. 2012). One major school of thought can be summarized by the
Heterozygosity Theory (Brown 1997, Kempenaers 2007), which draws its argument from
the voluminous literature on the correlations between genome-wide heterozygosity and
fitness (see Chapman et al. 2009; Szulkin et al. 2010, and references therein). Inbreeding
theory emerges as a subclass of the heterozygosity theory, emphasizing the negative
fitness consequences of genome-wide homozygosity (Charlesworth and Charlesworth
1987, Lynch and Walsh 1998, Frankham 2005). Whether the mechanism is heterosis or
inbreeding depression, sufficiently large fitness correlations should direct the evolution of
behaviors that maximize offspring heterozygosity.
One behavior that has been suggested to reduce the risk of inbreeding is a
preference for outbred mates, as this may confer indirect genetic benefits to offspring and
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even increase the genetic variation of the population under conditions conferring
heritability of individual inbreeding coefficients (i.e. small and finite populations; Neff
and Pitcher 2008, Fromhage et al. 2009). Active inbreeding avoidance, or selection
favoring greater genetic dissimilarity between mates contingent on the genotype of the
chooser, is another behavior expected to select against the production of homozygous
offspring (Tregenza and Wedell 2000, Mays and Hill 2004, Neff and Pitcher 2005,
Kotiaho et al. 2008, Szulkin et al. 2013). A more indirect strategy that has been invoked
for its role in promoting population genetic diversity is bet-hedging, whereby spreading
out genetic contributions among multiple donors effectively increases opportunities for
the production of heterozygous offspring (Stockley et al. 1993, Yasui 1998, 2001,
McCracken et al. 1999, Garner et al. 2002, Fox and Rauter 2003, Jensen et al. 2006,
Cornell and Tregenza 2007, Sarhan and Kokko 2007, Uller and Olsson 2008).
Theory has indeed produced a number of predictions about how mate choice for
genetic compatibility may evolve in natural systems, however empirical evidence in
support of these predictions has been extremely varied (reviewed in Kempenaers 2007).
Some of this variation may be attributed to inappropriate choice of study system, the
result of which being that inbreeding strategies have limited opportunity to be expressed.
Szulkin et al. (2013) assert that studies of inbreeding strategies should ideally be carried
out in natural populations that 1) are small and for which there is currently opportunity
for inbreeding, and 2) have experienced such conditions for many generations. A growing
body of evidence also stresses other factors, such as social structure (Pusey and Wolf
1996, Geffen et al. 2011, Parreira and Chikhi 2015), biological mechanisms (Mateo 2004,
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Sherborne et al. 2007), and demography (Herfindal et al. 2014) that could affect
opportunity to express inbreeding strategies and lead to variation in natural systems.
As empirical data from naturally small populations continues to accumulate,
explicit hypothesis testing in vertebrates is still largely biased towards studies of birds
(Wheelwright and Mauck 1998, Keller and Arcese 1998, Richardson et al. 2004, Barber
et al. 2005, Kleven and Lifjeld 2005, Reid 2007, Billing et al. 2012, Brekke et al. 2012,
Reynolds et al. 2014, Reid et al. 2015, Barati et al. 2018) and mammals (Geffen et al.
2011, Becker et al. 2012, Herfindal et al. 2014, Vigilant et al. 2015, Godoy et al. 2016,
Wikberg et al. 2017), for which some combination of strong parental care and
cooperative breeding often lead to behavioral predictions based on the role of female
choice. Because the resource-limited sex (typically females) will experience greater loss
of fitness as a result of incestuous mating, selection for behaviors that avoid inbreeding is
predicted to be stronger for the resource-limited sex (Parker 1979, 2006, Waser et al.
1986, Kokko and Ots 2006). However, many diverse systems such as lizards exhibit
behavioral and social limitations on precopulatory female choice (Hews 1990, Olsson and
Madsen 1995, Tokarz 1995, Olsson 2001, Le Galliard et al. 2005, Kahrl et al. 2016), and
hence the context for inbreeding strategies to evolve through selection on female
behaviors may be constrained. While a small number of studies have investigated genetic
aspects of mate choice in insular lizard populations (Bull and Cooper 1999, LeBas 2002,
Stow and Sunnucks 2004, Berry 2006, Moore et al. 2008, 2009, While et al. 2014), a
focus on exceptional taxa exhibiting social monogamy and sexual monomorphism
confounds broader behavioral predictions. Hence, there remains a shortage of empirical

68

studies to address the range of conditions under which these strategies may operate in
nature.
West Indian Rock Iguanas (genus: Cyclura) are the most endangered group of
lizards in the world, and with many populations occurring only on small islands, islets, or
cays, they are generally restricted to small natural population sizes (Alberts 2000, Lemm
and Alberts 2012). While the genus exhibits striking variation in life history, all taxa
share a suite of characters including longevity, extreme male-biased sexual size
dimorphism, succinct annual breeding seasons, and promiscuity in both sexes (Wiewandt
1977, Iverson 1979, Gerber 2000, Alberts et al. 2002). Behavioral studies of iguanids
provide mixed interpretations of the role of female choice in precopulatory courtship,
with authors reporting that females “seek out” multiple copulations with different males
by moving between territories (Wiewandt 1977, Dugan 1982, Dugan and Wiewandt
1982, Werner 1982, Rodda 1992) while also implicating that copulations are frequently
forced, regardless of appeasement or rejection displays (Werner 1982, Rodda 1992,
Hayes et al. 2004). Femoral pore secretions in iguanas exhibit high intraspecific variation
(Alberts et al. 1993) and appear to function in chemosensory recognition of kin and
conspecifics (Werner et al. 1987; Alberts 1992; Alberts 1993; Alberts and Werner 1993),
which could facilitate precopulatory discrimination between potential mates. Because
squamates are capable of long-term sperm storage (Olsson and Madsen 1998, Sever and
Hamlett 2002, Eckstut et al. 2009), some behavioral researchers (Dugan and Wiewandt
1982, Werner 1982, Rodda 1992) have also invoked cryptic mechanisms as important for
female choice. However, the extent to which female preference is exercised in the
precopulatory or postcopulatory stages is unclear and has not been tested via genetic
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means. Moreover, whether multiple-paternity (MP) invades Cyclura clutches at high rates
as in other squamate reptiles (Uller and Olsson 2008, Wapstra and Olsson 2014) has not
been investigated.
In this study, I employed molecular techniques to investigate mating behaviors in
an insular population of Cyclura nubila caymanensis, the Sister Islands Rock Iguana
(SIRI), on Little Cayman. Given the historically small size and isolation of the
population, I expected that female mating strategies conferring indirect genetic benefits
would have had the opportunity to evolve toward a local optimum. If finite population
size confers high heritability of individual inbreeding coefficients, then female mate
preference should be for more outbred males in the population. As an additional measure
to increase offspring heterozygosity, I anticipated high rates of MP among females due to
the conserved character of sperm storage and high promiscuity among iguanids. Finally,
females were expected to actively choose between males based on relatedness to reduce
the inbreeding load of their progeny, and this should result in disassortative patterns of
mating in the population.

Materials and Methods
Sampling and DNA extraction
Adult iguanas were sampled on Little Cayman during the summers of 2015 and
2017. Lizards were captured by noose, net, or Tomahawk trap. Immature animals were
sexed using cloacal probes (Dellinger and Hegel 1990). Mass and snout-vent length
(SVL) were also recorded. For visual identification, all captured animals were marked
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externally with a unique color combination of small, glass beads secured through the
nuchal crest with durable Nanofil® (Berkely Fishing™, Columbia, SC) fiber fishing line.
For permanent identification, animals were also injected sub-dermally at the base of the
tail with Passive Integrated Transponder (PIT) tags (Biomark™, Boise, ID, USA).
Because the months of May and June are associated with nesting migrations, the home
territory locations of females were confirmed by re-sighting late in the season or early in
subsequent seasons. GPS coordinates and dates were logged for each capture or sighting.
I identified major nesting areas ahead of 2015 surveys based on previous work (G.
Gerber, unpublished data; M. Goetz, unpublished data) to facilitate clutch sampling. Sites
were monitored daily for evidence of digs, tail drags, and the presence of females. The
identity of dams was recorded wherever possible and completed nests were excavated by
hand to locate egg chambers. After the 70-80 day incubation periods, corrals of 24-inch
aluminum flashing were erected around the egg chambers to prevent accidental chamber
collapse, protect nest sites from predators, and ensure successful sampling of hatchlings.
Nest enclosures were then monitored multiple times each day until hatchling emergence.
Whole clutches were sampled and individual hatchlings processed using the same
protocols described for adults. Eggshells and unviable eggs were removed following
emergence to calculate total clutch sizes for each sampled nest. Where female
morphometric data was available, I also calculated relative clutch size (the ratio of clutch
size to female SVL).
In addition to females and hatchlings captured at coastal communal nesting areas,
animals residing at, and hatching out of, a focal high-density site (HDS) on the western
coastline were rigorously sampled to explore patterns of male reproductive skew and the
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impact of localized crowding on mating behaviors in SIRI. This 3.9-ha area contains
many artificial shade structures and basking surfaces and, unlike the surrounding karst
landscape, is covered predominantly with soft sand, which is highly suitable for the
construction of iguana retreats and nests. The site supports as many as 50 animals at a
time, or over 20 times the density of two comparison sites surveyed in 2011 (Sawannia
2012). Sawannia (2012) found that relative to animals at comparison sites, residents of
the HDS maintain much smaller average home range sizes (0.767 ± 0.452 ha versus
1.466 ± 1.434 ha and 2.174 ± 1.735 ha) and exhibit substantially more overlap of male
territories (70 ± 16.92% overlap versus 2.23 ± 2.72 and 12.19 ± 14.04% overlap).
Only males and females with SVLs measuring greater than 240 mm (i.e. the body
size of the smallest recorded breeding animal; Chapter III) were considered as candidate
parents in pedigree analyses. For each animal, small volumes of blood (0.5-1.0 mL) were
drawn from the ventral caudal vein and stored in cryovials containing a 1.5:1 ratio of
blood buffer (100 mM Tris HCl, 100 mM EDTA, 10 mM NaCL, and 0.5% SDS;
Longmire et al. 1988) to blood. The Maxwell® 16 Nucleic Acid Extraction System along
with associated Maxwell® 16 Tissue DNA Purification Kits and protocols (PromegaTM)
were used for all DNA extractions.

Microsatellite genotyping
I obtained individual genotypes by Polymerase Chain Reaction (PCR) targeting
14 microsatellite markers developed for Cyclura iguanas: Z132, Z148, Z151, Z154,
Z419, Z780, F436, F478, F637, CIDK109, CCSTE-02, D9, D110, and C113 (Malone et
al. 2003, An et al. 2004, Rosas et al. 2008, Lau et al. 2009, Welch et al. 2011). This
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subset of loci was selected from a screen of 80 total loci. Selections were based on allelic
variability (≥ 2 alleles) and consistency in banding pattern across individuals to achieve
maximal exclusion probabilities and minimal error when assigning parentage. Protocols
for PCR and subsequent fragment analysis followed those described in Don et al (1991).
Each locus was then evaluated for the presence of null alleles with a threshold frequency
of elimination set to 0.2 using the program, MICROCHECKER (Van Oosterhout et al.
2004). All loci were also evaluated for significant deviations from expected HardyWeinberg Equilibrium (HWE) genotype frequencies using GenePop on the Web 4.2
(Rousset 2008).

Sibship and parentage reconstruction
I assessed the utility of variable microsatellite loci for assigning parentage and
testing the hypothesis of multiple-paternity by calculating parentage exclusion
probabilities from population allele frequency data in the program COANCESTRY
(Wang 2011). The combined probability of excluding paternal genotypes given one
known parent was estimated to be 0.998 across all 14 loci (Appendix Table F.1). I
implemented a full-pedigree likelihood approach in the program COLONY to calculate
the most likely number of sires for each clutch, partition clutches into groups of full
siblings (‘fullsib clusters,’ of which multiply sired clutches could contain two or more),
and reconstruct parental genotypes (Jones and Wang 2010). Because this approach
considers all individuals in a simulation input jointly, it is able to leverage greater
statistical power and achieve more accurate results in assignments of sibship and
parentage than pairwise comparisons (Wang and Santure 2009, Wang 2012). To account
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for incomplete sampling, inferred genotypes were accepted when COLONY did not
identify compatible parental genotypes among the list of candidates. The best maximum
likelihood configurations were taken for each simulation input. I evaluated the power of
parentage inference by calculating the probability that both parental alleles would
segregate in the genotypes of n offspring according to the formula 1-21-n (Wang 2007a).
It was not always possible to distinguish the maternal from paternal genotype when both
were inferred, and confidence in parentage inference was found to deteriorate below
0.875 with sample sizes < 4. For these reasons, I limited my sample for investigations of
female choice and paternal effects to fullsib clusters for which 1) at least one parent was
confirmed via genetic assignment, and 2) the inferred genotype of the other parent was
reconstructed from ≥ 4 offspring.

Estimation of heterozygosity and pairwise relatedness
A number of common estimators exist to describe levels of individual
heterozygosity, inbreeding, or relatedness between parents, many of which can be
calculated from single-locus microsatellite markers (reviewed in Kempenaers 2007).
Three estimators of multi-locus heterozygosity (MLH): standardized heterozygosity
(SH), internal relatedness (IR) and homozygosity by locus (HL) were calculated in the R
package ‘Rhh’ v1.0.2 (Alho et al. 2010). In addition, I implemented two estimators of the
inbreeding coefficient (F) and seven estimators of the pairwise relatedness coefficient (R)
in the program COANCESTRY. While true measures of F are defined as identical-bydescent (IBD) probabilities and range from 0 to 1, in marker-based analyses these values
are better interpreted as correlations relative to a reference sample of individuals. Thus,
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negative values for F are common in practice and have biological significance (Wang
2014). I used COANCESTRY’s simulation functionality to select measures producing
the highest degree of correlation with true F and R-values in my population (Appendix
Tables F.2 and F.3). These were the LynchRd F estimator (Lynch and Ritland 1999) and
the dyadic likelihood estimator, or DyadML R estimator (Milligan 2003).

Statistical analyses
All statistical analyses were performed in R v3.4.2 (R Core Development Team
2017). First, I evaluated the role of geographic proximity in mating outcomes by
examining spatial distances between dam and sire home territory locations in clutches for
which both parents were identified among samples of candidates. The distHaversine
function in the R package ‘geosphere’ (Hijmans et al. 2017), was implemented to
calculate pairwise geographic distances, in meters (D). To confirm the expectation that
natal dispersal promotes admixture such that R of potential mates should not degrade
with geographic distance, a Mantel test with 10,000 permutations was performed across
all possible male-female pairs from the candidate population. This test was carried out
with the function mantel in the R package, ‘vegan’ (Oksanen et al. 2014). Effects of
scale were accounted for by generating 14 equifrequent distance classes (where the
number of classes was determined based on Sturge’s rule; Legendre and Legendre 1998)
and performing individual Mantel’s tests at the level of each class.
To investigate the prevalence of female choice for more outbred or genetically
dissimilar males, I implemented a simulation approach in which pedigree inferred values
of sire F (Fexp) and MLH (MLHexp) and parental R (Rexp) were compared to values
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estimated for randomly generated mate pairs. Null distributions of mate pairs were
generated by randomly sampling one mate with an associated F, MLH, or R-value with
replacement from the pool of candidate males until each unique dam in the sample was
mated. Randomly selected values were then averaged across all mate pairs and the
procedure was repeated for 10,000 permutations. Similarly, distributions of realized sire
F (Fact) and MLH (MLHact), and parental R (Ract) values were produced by sampling one
actual mate for each unique dam in my sample and calculating an average for 10,000
permutations. The significance of mean Fact, MLHact, and Ract was then assessed with
two-tailed significance tests. Among clutches for which a sire was identified among
candidate males from the population, the same simulation approach was used to test
whether the mean body size of selected mates (SVLact and massact) was significantly
larger than randomly selected mates. Among multiply mated dams, χ2 goodness-of-fit
tests were employed to detect instances of significant siring skew within clutches.
I next tested for possible direct and indirect benefits of mating strategies. To
detect direct effects of outbreeding on parental reproductive fitness, I generated a series
of linear mixed models that quantified the contributions of 1) dam F and MLH to relative
clutch size, and 2) dam and sire F and MLH and parental R to clutch hatching success
(log-transformed rate). In the first series of models, I controlled for the relationship
between body size and clutch size by incorporating maternal SVL as a fixed effect. In the
second series of models, only monandrous clutches were considered because it was not
possible to attribute failed eggs to a specific sire of a polyandrous clutch. Dam identity
was specified as a random effect for all models. Models were ranked based on the Akaike
Information Criterion (Akaike 1974) corrected for small sample size (AICC; Hurvich and
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Tsai 1989) and marginal R2 values were calculated for all fixed effects (Nakagawa and
Schielzeth 2013). To investigate possible indirect benefits of female choice for offspring
fitness, I performed simple linear regressions with sequential Bonferroni corrections
(Holm 1979) of mean fullsib cluster F and MLH on sire F and MLH and parental R.
To examine direct fitness benefits of female polyandry, I compared mean clutch
size, relative clutch size, and hatching success between monandrous and polyandrous
clutches in a series of nonparametric Wilcoxon rank-sum tests. Traits of promiscuous and
non-promiscuous females were also compared to evaluate the effect of maternal
condition (F, MLH, and body size) and sire genetic condition (R, F, and MLH) on the
probability of MP. Finally, I tested the hypothesis that MP increases mean genetic
diversity and reduces inbreeding load of a clutch compared to expectations for a
monandrous clutch by comparing mean offspring F and MLH. Average allele counts for
each clutch were calculated for this analysis with the R package ‘adegenet’ (Jombart et
al. 2008).

Results
A total of 749 individuals, or 96% of all individuals captured over the course of
this study, were sampled for genetic analysis. These included 185 adult females (30 from
the HDS), 90 adult males (14 from the HDS), and 474 hatchlings spanning 50 partial or
entire clutches (11 from the HDS). Among sampled candidates, pedigree reconstruction
identified 36 unique dams, 18 unique sires, and 26 unique male-female pairs from which
geographic proximity between mates could be assessed. Across all clutches sampled, 7.0
± 12.5% of eggs failed to hatch and were too desiccated to obtain genetic samples from.
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Sampling of hatched offspring was imperfect (range = 3-18; 81 ± 24.4%; Appendix Table
G.1) because 1) hatchlings sometimes evade capture despite efforts with flashing
enclosures, and 2) sufficiently large volumes of blood for genotyping are not always
obtained from small-bodied hatchlings. To meet my criteria for analysis of mate choice
and direct and indirect benefits of mating strategies, my sample was reduced to 42
clutches, encompassing 49 fullsib clusters and associated known (n = 30) or inferred
(from ≥ 4 offspring; n = 19) sire genotypes.

Geographic Distance
Based on molecular estimates of R among all possible male-female pairs in my
candidate adult sample from Little Cayman, 3.2 ± 3.1% of male-female pairs are at least
as closely related as full siblings (R = 0.5) and 16.6 ± 7.2% are at least as closely related
as half siblings (R = 0.25). This corresponds to inbreeding rates of 4.1 and 18.4% among
observed mate pairs, respectively. Measures of D ranged from less than a meter to over
16 km, the maximum length of the island. Mean D between inferred home territories of
actual mate pairs was calculated to be 98 meters, and all pairs were sampled within 295
m of each other. At my focal HDS, 10 of 11 sampled clutches were assigned to dams and
sires that were also sampled at the site. One clutch of 16 hatchlings was assigned to a
male-female pair sampled outside of the site – the result of a female nesting migration
event, not a breeding migration event – and another five hatchlings from one clutch did
not match any candidates in the sample and were assigned to an inferred male genotype.
Male-female pairs occupying very distant home territories were not found to exhibit
significantly lower R on average than close pairs (Mantel r = 0.338, Mantel p = 0.297).
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However, separate Mantel tests performed at the level of 14 individual distance classes
revealed a significant positive correlation between D and R within the shortest distance
class, 0 to 1090 m, suggesting that at fine geographic scales, kin tend to be more isolated
(Table 4.1).

Table 4.1:

Mantel’s test of male-female genetic relatedness

Lower Bound D
Upper Bound D
No. of pairwise
(m)
(m)
comparisons
Mantel r Mantel p
0
1090
1592
0.404
0.009*
1090
2181
701
0.567
0.545
2181
3271
874
0.547
0.590
3271
4362
180
0.502
0.118
4362
5452
144
0.544
0.184
5452
6543
119
0.649
0.410
6543
7633
175
0.517
0.779
7633
8724
76
0.556
0.849
8724
9814
77
0.586
0.435
9814
10905
120
0.568
0.033*
10905
11995
75
0.550
0.631
11995
13086
178
0.557
0.561
13086
14176
28
0.660
0.258
14176
15267
88
0.472
0.186
Lower and upper bounds of pairwise geographic distance (D) for 14 equifrequent
distance classes; Mantel’s r (Pearson product-moment coefficient) and p-values (* <
0.05, ** < 0.01, *** < 0.001) based on 10,000 permutations.

Male dominance and reproductive skew
My data suggest that males in this population are highly polygamous and neither
sex is strongly fidelic to individual partners. Only 18 unique sires were represented across
30 fullsib clusters of known paternity. Two candidate males were each inferred to have
sired at least four clutches in a single nesting season, and another five sired at least two
clutches within a nesting season. Accounting for incomplete clutch sampling, the true
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numbers of reproductive partners among successful sires are almost certainly
underrepresented. However, only two of six dams whose clutches were sampled in
multiple years were inferred to have mated with the same male in both years. Mean body
size among 18 unique sires in my sample (SVLact = 539 ± 28 mm; massact = 7244 ± 944
g) was significantly larger than among 10,000 permutations of randomly selected mates
(p = 0.012). Reproductive success among candidate males within the HDS was highly
skewed. Over a third of all sampled hatchlings spanning four clutches were assigned to a
single dominant male, while about half of the males identified as candidates failed to sire
any hatchlings in my sample (Fig 4.1A).
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Paternity distribution within a high-density site

(A) The distribution of paternity amongst 84 hatchlings sampled at a HDS on the
western coastline of Little Cayman. Bar heights illustrate the contributions of individual
males to sampled clutches in terms of number of offspring sired (gold bars) and number
of clutches contributed to (blue bars). (B) The rate of MP detected among clutches is
compared between 10 nests sampled at the HDS and belonging to resident nesters and 40
nests sampled IW. Blue slices represent the proportion of clutches that are polyandrous
and gold slices represent the proportion of clutches that are monandrous.
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Multiple-paternity rates
I detected MP at a rate of 38% in my full sample of 50 clutches, and likelihood
inference did not attribute any clutches to more than two sires (Appendix Table G.1). The
rate of MP detected in the HDS clutches (20%) was about half the island-wide (IW) rate
(42.5%; Fig 4.1B). Only clutches with reasonably high sampling success (< 80% of
hatched eggs; n = 12 polyandrous clutches) were evaluated for siring skew, of which four
exhibited evidence of skew (p < 0.05 in a χ2 goodness-of-fit test; Fig 4.2). I did not detect
any patterns within clutches showing consistent siring bias towards genetically dissimilar
or more outbred males. Despite finding no significant difference in sample size between
clutches where MP was or was not detected (Wilcoxon rank-sum p > 0.05), a separate
test was conducted to control for the effects of offspring number on the probability of
detecting MP. I used a random sample generator in R to sample 6 offspring – the smallest
complete clutch size observed – from each clutch for which at least as many offspring
were sampled (n = 39 clutches). The rate of MP detected in this reduced sample was
35.9% (38.7% IW, 25% HDS), indicating that the effect of incomplete sampling on
detection of MP is marginal.
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Figure 4.2:

Relative sire contributions within 50 clutches

Fifty clutches illustrating relative sire contributions detected amongst offspring sampled
(range = 3-18). Gold and blue bars represent the number of hatchlings sired by the
primary and secondary sire in a clutch, respectively, and gray and red bars represent
escaped and unhatched hatchlings, respectively for which paternity could not be inferred.
Significantly skewed contributions (p < 0.05) are indicated with an * in clutches with
sampling rates of at least 0.8.

Evidence for female choice
Within the reasonably closed sampling area of the HDS, Fact and MLHact were not
consistently lower or higher among successful sires than the average calculated among
the 14 male candidates at the HDS. In population-wide simulation tests, none of the
measures of sire Fact or MLHact deviated significantly from null expectations at α = 0.05
(Appendix Fig G.1). Pairwise relatedness of reconstructed mate pairs was also not
consistently lower or higher at the HDS than the average R calculated between each dam
and the 14 candidate sires (Fig 4.3A), and mean Ract of all reconstructed mate pairs did
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not differ significantly from a distribution of mean Rexp generated under random mating
conditions (Fig 4.3B).
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Relatedness of potential sires relative to potential sires

(A) Ract values for the primary (blue) and secondary (gold) sire in 10 clutches sampled at
a focal HDS, plotted against a range of Rexp values calculated between each resident dam
and 14 candidate sires sampled at the site (gray dots = mean Rexp). (B) Histograms
summarizing simulated datasets of 10,000 mean Rexp (gold) and 10,000 mean Ract (blue)
estimates for n = 36 unique dams sampled from the population. The mean of the
simulated Ract distribution is indicated with a dotted line. Observed mean R values do not
differ significantly from the null distribution in a two-tailed significance test (p = 0.635).
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Direct and indirect benefits of mating strategies
After controlling for effects of maternal body size (marginal R2 = 0.342), I found that
dam MLH and F account for between 5.3 and 10.1% of variance in clutch size (Table
4.2). The ordinal best models possessing the lowest AICC scores were Body size + F
(deltaAICc = -21.56) and Body size + IR (deltaAICc = -20.56). Both models had large
negative coefficients of correlation suggesting significant negative effects of inbreeding
on female reproductive fitness. Parental R was a significant negative predictor of
hatching success in monandrous clutches (marginal R2 = 0.258; deltaAICc = -3.06), but
neither dam F nor sire F improved the model fit (Table 4.3). Sire heterozygosity was not
correlated with offspring F or MLH, but parental R was significantly correlated with
mean offspring F and all three measures of mean offspring MLH at α = 0.05 (Appendix
Table G.2).

Table 4.2:

Effects of maternal inbreeding on fecundity.

Model
Estimate
SE
df
Marginal R2
AICC
delta
Null Model
12.859
0.689
5
0.447
244.18
21.56
Body size
0.693
0.152
5
0.342
231.65
9.03
Body size+F
-10.188
3.675
5
0.443
222.62
Body size+SH
4.486
2.029
5
0.407
226.44
3.82
Body size+IR
-6.362
2.275
4
0.443
223.62
1
Body size+HL
-7.049
3.533
3
0.395
226.11
3.49
Linear mixed models with maternal identity as a random effect and dam body size (snoutvent length in cm), F (inbreeding coefficient), SH (standardized heterozygosity), IR
(internal relatedness), and HL (homozygosity by locus) as fixed effects are evaluated
relative to a null model, which only accounts for the random effect; Coefficient of
correlation (Estimate), Standard error (SE), Degrees of freedom of the model (df),
Marginal coefficient of determination (R2), corrected Akaike Information Criterion
(AICC), and delta (change in AICC from null model). Highlighted rows in boldface
represent the models with the greatest improvement upon the null model.
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Table 4.3:

Effects of parental inbreeding on hatching success.

Model
Estimate
SE
df
Marginal R2
AICC
delta
Null Model
-0.034
0.012
3
0
-66.07
Dam F
0.081
0.074
4
0.038
-61.25
4.82
Sire F
-0.069
0.073
4
0.029
-60.92
5.15
Parental R
-0.223
0.06
4
0.258
-69.13
-3.06
Linear mixed models with maternal identity as a random effect and dam body size (snoutvent length in cm), F (inbreeding coefficient), SH (standardized heterozygosity), IR
(internal relatedness), and HL (homozygosity by locus) as fixed effects are evaluated
relative to a null model, which only accounts for the random effect; Coefficient of
correlation (Estimate), Standard error (SE), Degrees of freedom of the model (df),
Marginal coefficient of determination (R2), corrected Akaike Information Criterion
(AICC), and delta (change in AICC from null model). Highlighted rows in boldface
represent the models with the greatest improvement upon the null model.

I detected no difference in F, MLH, or body size between 19 dams that mated
multiply and 31 that did not, although heterozygosity of the primary sire (SH, IR, and
HL) was significantly lower in polyandrous clutches (Wilcoxon rank-sum p < 0.05).
Mean clutch size and relative clutch size were significantly larger among polyandrous
clutches, but I found no differences in hatching success or mean offspring body size at
hatching. On average, offspring from polyandrous clutches exhibited significantly lower
inbreeding coefficients and significantly higher MLH, and polyandrous clutches
exhibited significantly higher allelic diversity than clutches with a single sire (Wilcoxon
rank-sum p < 0.05; Fig 4.4). It is possible that larger mean clutch size in polyandrous
clutches could contribute to the variation in these measures, because when reduced
samples of 6 offspring per clutch (24 monandrous and 15 polyandrous) were analyzed,
significant differences only held for average number of alleles.
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Genetic parameters among monandrous and polyandrous clutches.

Boxplots illustrating the distribution of average (A) SH, (B) HL, (C) F, and (D) allelic
counts among 31 monandrous clutches (blue) and 19 polyandrous clutches (gold).
Asterisks indicate the significance level of p-values obtained from Wilcoxon rank-sum
tests (NS = non-significant, * < 0.05, ** < 0.01, *** < 0.001).
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Discussion
In addition to environmental and demographic parameters, the long-term viability
of natural populations can be threatened by genetic factors, and consequently these may
influence the evolution of mate choice and mating behaviors (Perrin and Mazalov 1999,
Keller and Waller 2002, Szulkin et al. 2013, Wright et al. 2013, Tennenhouse 2014). In
this study I used molecular approaches to investigate whether sex-specific mating
behaviors theorized to increase heterozygosity among progeny – heterozygote preference,
genetic bet-hedging, and inbreeding avoidance – are exhibited at high rates in a
historically small and isolated population of Caribbean rock iguanas. Observed mating
events were not consistent with long-distance breeding migrations by females, however
an absence of significant isolation-by-distance patterns among male-female pairs
suggests that natal dispersal may function as a passive inbreeding avoidance strategy in
this population. I found no evidence that females mated preferentially with more outbred
males as measured by F or MLH. Females also did not appear to mate disassortatively
with males of lower pairwise relatedness, although less related parent pairs experienced
greater hatching success and produced offspring that were more heterozygous on average.
A minimal MP rate of 38% was detected in the population overall with several
polyandrous clutches exhibiting near-equal contributions by each of two sires. My data
demonstrate both direct and indirect benefits of MP, including larger relative clutch size
and higher mean heterozygosity and lower inbreeding coefficients among offspring.
Despite the potential benefits, there does not appear to be strong selection on female
choice behaviors, as high availability of mates is not associated with disassortative
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mating or increased promiscuity. I expect that the context for selection may be restricted
due to extreme male reproductive skew and dominance.
Estimates of the proportion of inbred matings on Little Cayman, while low, are
comparable to those reported in many small populations for which inbreeding depression
has been detected (reviewed in Keller and Waller 2002; Pemberton et al. 2017).
Geographic distributions of mate pairs demonstrate that copulations almost always occur
within respective territories, and I have yet to find any genetic evidence of females
dispersing long distances (> 0.3 km) to mate. This is consistent with an overarching
consensus that, while males may travel during the breeding season to defend and court,
females do not typically travel outside of their normal usage areas (Carey 1975, Iverson
1979, Dugan and Wiewandt 1982, Goodman et al. 2005). If females disperse between
male territories to mate during the breeding season as has been suggested elsewhere
(Wiewandt 1977, Dugan 1982, Dugan and Wiewandt 1982, Werner 1982), they do not
apparently disperse far. Because relatedness of potential mates does not appear to
degrade with distance, I propose that dispersal at earlier life stages may be more critical
than at reproductive life stages in discouraging close inbreeding.
While breeding dispersal may not adjust for the risk of incestuous encounters in
this system, explanations for the absence of other mate discrimination behaviors are less
clear. Use of chemosensory cues for kin recognition has been demonstrated in iguanas
(Werner et al. 1987; Alberts 1992; Alberts et al. 1993; Alberts 1993; Alberts and Werner
1993) as well as diverse groups of reptiles (Léna et al. 1998, Bull et al. 2001, Pernetta et
al. 2009, Clark et al. 2012, Bordogna et al. 2016), suggesting that female C. nubila
caymanensis have the potential to distinguish genetically similar males based on scent. I
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did not detect any fitness benefits attributable to sire heterozygosity and this trait did not
appear to be heritable from sires to offspring; however, high sire relatedness was
associated with reduced clutch hatching success. Pair relatedness was also inversely
correlated with mean offspring heterozygosity, suggesting that inbreeding could carry
indirect fitness costs if neonates with lower heterozygosity experience reduced growth or
survivorship compared to outbred conspecifics. Explicitly testing this hypothesis would
require substantial long-term monitoring, as neonate iguanas are rapid dispersers and
recapture rates among juveniles are exceedingly low (Chapter II).
Some theoretical models argue that the conditions under which indirect genetic
benefits will drive the evolution of mate choice are quite restrictive (i.e. small census
size, severe inbreeding depression; Aparicio 2011; Duthie and Reid 2016), however
empirical evidence for these behaviors has been mixed. Indeed, my data contrast with a
number of studies that demonstrate preference among females for more outbred
(Hoffman et al. 2007, Reid 2007, Garcia-Navas et al. 2009, Laloi et al. 2011, Frère et al.
2015, Durand et al. 2017) or genetically dissimilar males (Bull and Cooper 1999, Stow
and Sunnucks 2004, Hoffman et al. 2007, Brekke et al. 2012, Godoy et al. 2016, Wikberg
et al. 2017) but are consistent with others that report no preference for these characters
(Peacock and Smith 1997, Keller and Arcese 1998, LeBas 2002, Richardson et al. 2004,
Barber et al. 2005, Kleven and Lifjeld 2005, Berry 2006, Cohas et al. 2006, RiouxPaquette et al. 2010, Billing et al. 2012, Reynolds et al. 2014). Although SIRI likely
experienced severe bottlenecks and inbreeding in its evolutionary history, it is possible
that contemporary rates of inbreeding are not sufficiently high as to maintain costly
avoidance strategies. Alternatively, the retention of substantial genetic load following
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repeated episodes of inbreeding and purging could drastically reduce population variance
in relatedness, limiting opportunities to express inbreeding strategy. In this case,
molecular estimates of individual inbreeding may be weakly correlated with pedigree F
(Leutenegger et al. 2003, Hill and Weir 2011, Hoffman et al. 2014, Kardos et al. 2015),
such that any remaining effects of soft selection in the population after purging are
obscured by error variance.
Due to limitations of incomplete sampling, I can only report minimal rates of MP
for this study, although these figures appear nearly unbiased with respect to clutch sample
size. The rate at which I detected additional sires in my sample was moderate (38%)
compared to many lizards, for which MP often occurs at frequencies over 50% (Uller and
Olsson 2008). I even observed reduced local rates at one site where, paradoxically,
resident females had access to more males than elsewhere on the island. While many
researchers have pointed to adaptive explanations for polyandry in small and inbred
populations, others have explained patterns of polyandry as primarily attributable to
mate-encounter frequencies and sexual conflict, rather than as adaptions to inbreeding
(Uller and Olsson 2008, Parker and Birkhead 2013, Duthie et al. 2016). Similar to models
of other inbreeding avoidance strategies, models incorporating MP imply that
unconditional polyandry is unlikely to evolve in response to inbreeding unless the costs
of inbreeding depression are high and costs of additional copulations by females are low
(Duthie et al. 2016). Polyandrous mating is understood to be a costly endeavor for
females (Rowe 1994, Watson et al. 1998, Crudgington and Siva-Jothy 2000, Thrall et al.
2000, Arnqvist and Rowe 2005). However, in contexts such as those found in iguana
mating systems, which exhibit extreme sexual size dimorphism and high rates of forced
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copulations, it has been suggested that the fitness costs of resisting copulations may
outweigh the costs of incurring male harassment (Parker 1970, 1979, 2006, Arnqvist
1989, Slatyer et al. 2012, Harano 2015). On the contrary, failure to detect elevated rates
of MP at the HDS implies that females are not forced to adopt ‘convenience polyandry’
as a strategy more frequently when male sex ratios are elevated. Thus, if the female
strategy is to minimize fitness costs associated with mating, then an alternative
explanation is needed as to why males with unobstructed access to females are not more
successful at coercion.
In contrast to the resource-limited sex, males in a non-resource based mating
system experience asymmetrical opportunity costs and selection on their behaviors
should be primarily to minimize paternity loss to other males. My data suggest that major
competitive advantages held by particular large, dominant males in the population not
only restrict opportunities for females to choose among all available sires, but also for
non-dominant males to breed. Indeed, paternity assignment of my sample of hatchlings
suggests that the number of reproductively successful males on Little Cayman is far
fewer than the number of candidates potentially encountered by females. The necessarily
short duration of copulations by satellite males when dominant males are near implies
that these individuals should be very rarely successful at siring offspring (Dugan 1982,
Werner 1982, Alberts et al. 2002), probably due to sperm competition. Thus, one possible
explanation for the reduced MP rates at the HDS is that dominant males are more
successful at limiting females’ access to additional mates because they defend smaller
territories than elsewhere on the island (Sawannia 2012), have access to plentiful food
resources, and are unimpeded by vegetation and other barriers to visibility. The
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observation that the proportion of males mating successfully should be smaller at high
densities is consistent with patterns in other systems exhibiting strong reproductive skew
(Kokko and Rankin 2006).
In addition to considerations of encounter frequencies and sexual conflict, my
data suggest that certain benefits of polyandry to females warrant consideration.
Consistent with studies demonstrating increased fecundity among promiscuous females
(Pearse et al. 2002, Eizaguirre et al. 2007, LaDage et al. 2008, Noble et al. 2013), I
observed that polyandrous clutches tended to be larger than monandrous clutches. They
also exhibited lower mean inbreeding levels in offspring and greater mean within-clutch
allelic diversity. Further, my data imply that females are more likely to have mated
multiply if the male that sired most of their offspring was less heterozygous, indicating
that additional copulations may be strategic for overcoming low initial mate quality.
However, that low heterozygosity males still acquired the majority of fertilizations in
such instances implies that postcopulatory female choice is likely constrained by other
factors, such as first male precedence. Paradoxically, female mode of reproduction did
not appear contingent on her own genetic condition, even though more inbred females
were demonstrated to suffer from reduced reproductive output. A larger dataset with
more complete sampling of clutches would be required to understand how additional
copulations adjusts for a female’s own traits and those of her primary sire. In addition to
individual-level benefits of simultaneous polyandry, an expanding body of research
suggests that polyandry confers benefits at the population-level. The behavior has been
linked to increased population genetic diversity and reduced competition among nest
mates (Arnqvist 1989, Oldroyd 1992, Loman et al. 1998, Yasui 1998, Jennions and Petrie
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2000, Neff and Pitcher 2005, Hughes et al. 2008, McLeod and Marshall 2009), as well as
cross-generational effects, such as decreased overall frequencies of matings between
adult full siblings (Germain et al. 2018). Because Little Cayman is small and isolated and
the mating system of SIRI exhibits skewed male dominance structures, long reproductive
lifespans, and generational overlap, kin encounters are probable even under facultative
natal dispersal. Thus, such population-level benefits could be evolutionarily meaningful
in this system.
This study contributes a novel empirical dataset examining the role of indirect
genetic benefits in the evolution of mating behaviors in a historically small, isolated
population of iguanas. While I did not find compelling evidence that females in this
system engage in obviously preferential or disassortative choice behaviors, my data add
to a growing body of evidence to suggest that passive mechanisms (e.g. natal dispersal)
and indirect repercussions of mate encounter frequencies (e.g. multiple-paternity) likely
have important consequences for the maintenance of Ne in small populations (Martinez et
al. 2000, Moore et al. 2008, 2009, Pearse and Anderson 2009). Indeed, indirect genetic
benefits conferred by these processes may help compensate for constraints imposed by
sexual conflict on active choice. Compounded with a population’s demographic history,
such constraints on individual reproductive output may exacerbate reductions in Ne,
especially in long-lived species with overlapping generations (Cervantes et al. 2011,
Taylor et al. 2017). Indeed, I suspect that, N:Ne ratios as high as 17.4 in Cyclura
(Aplasca et al. 2016) likely reflect sustained reproductive skew over many generations,
similar to patterns detected in a reintroduced population of tuatara with a relatively large
number of founders (n = 30; Miller et al. 2009). Further investigations into turnover rates
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in this population are warranted to determine whether short male reproductive lifespans
may compensate for extreme skew within reproductive seasons. Nevertheless, my
application of heterozygosity theory to this empirical dataset underscores the importance
of sociobehavioral constraints in determining the trajectory of mating system evolution
and predicting the long-term viability of populations susceptible to inbreeding
depression.
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CHAPTER V
AGE-DEPENDENT INBREEDING DEPRESSION: ASSESSING THE IMPACT OF
GENETIC FACTORS ON RECRUITMENT

Abstract
Inbreeding depression, though challenging to identify in nature, may play an
important role in regulating the dynamics of small and isolated populations. Greater
expression of genetic load can enhance opportunities for natural selection. Conditional
expression, however, concentrates these opportunities for selection and may lead to
failure of detection. This study investigates the possibility for age-dependent expression
of inbreeding depression in a critically endangered population of rock iguanas, C. nubila
caymanensis. I employ heterozygote-fitness correlations (HFCs) to examine the
contributions of individual genetic factors to body size, a fitness-related trait. Nonsignificant reductions in homozygosity (up to 7%) were detected between neonates and
individuals surviving past their first year, which may reflect natural absorption of
inbreeding effects by this small, fecund population. The majority of variation in hatchling
body size was attributed to maternal or environmental effects (i.e. clutch identity and
incubation length) rather than genetic effects. While heterozygosity at 22 microsatellite
loci was not found to contribute substantially to predictions of hatchling body size,
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significant negative HFCs were observed in standardized adult body size. I speculate that
negative HFCs in the post-selection cohort may be driven by the selective mortality of
low-quality, low-heterozygosity hatchlings, which would illustrate how the deleterious
fitness consequences of inbreeding may be modulated downstream by selection occurring
at early stages. Overall, these findings emphasize the importance of accounting for
ongoing demographic processes affecting a taxon across its range and in taking holistic,
cross-generational approaches to genetic monitoring of endangered populations.

Introduction
Small, isolated populations are subject to stochastic loss of genetic diversity and
recurrent inbreeding because selection operates less efficiently and opportunities for
mating are restricted. This can lead to inbreeding depression, the reduction in fitness of
relatively inbred individuals, over the short term, and reduced adaptive potential over the
long term (Ralls and Ballou 1983, Wright 1984, Vrijenhoek 1994, Crnokrak and Roff
1999, Escobar et al. 2008, Frankham et al. 2010, Carlson et al. 2014). Prolonged
population bottlenecks should result in the fixation of more deleterious alleles due to the
enhanced effect of drift relative to selection. This assertion is supported by empirical
studies of small and threatened populations, which are shown to harbor substantially
more genetic load (Spielman et al. 2004, Escobar et al. 2008, Willi et al. 2013) and
exhibit demonstrably reduced fitness (Hitchings and Beebee 1998, Eldridge et al. 1999,
Johansson et al. 2007) compared to large populations of the same taxa. On the other hand,
increased expression of load due to inbreeding exposes a greater proportion of it to
natural selection, such that the mean effects of deleterious alleles still segregating after
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prolonged population bottlenecks should be weak (Keller and Waller 2002, Glémin et al.
2003, Roze and Rousset 2004).
Inbreeding depression is challenging to identify in nature. This is in part due to
the paucity of sufficiently detailed and quality-controlled pedigrees available in most
studies of wild populations (Keller and Waller 2002, Pemberton 2008). Another factor
that could obscure symptoms of inbreeding depression is conditional expression, whereby
fitness reductions are magnified in stressful environments or at critical life stages but are
largely masked under other conditions (Pray et al. 1994, Reed and Bryant 2001, Keller et
al. 2002, Armbruster and Reed 2005, Galloway and Etterson 2005, Escobar et al. 2008,
Fox and Reed 2011, Olano-Marin et al. 2011). For example, pronounced effects of
inbreeding depression on early survival have been documented in mammals (Ralls and
Ballou 1981, Rijks et al. 2008, Cohas et al. 2009, Huisman et al. 2016) and birds (Keller
et al. 2002, Szulkin et al. 2007, Laws and Jamieson 2011). In taxa that are highly elusive
at early life stages, reductions in recruitment resulting from age-dependent effects of
inbreeding may go undetected or be masked by overall high survivorship and fecundity
among adults.
One tool that has been extensively employed to study inbreeding depression in
wild populations is the heterozygosity-fitness correlation (HFC), a marker-based estimate
of the association between genetic diversity and phenotypic fitness. The method invokes
multi-locus heterozygosity (MLH) calculated over a panel of neutral marker loci to
approximate variation in genomewide heterozygosity (HGW) among individuals. The
utility of HFCs is based on the prediction that excess homozygosity generated by
inbreeding unmasks recessive deleterious alleles and causes additive declines in
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individual fitness (Wright 1984, Charlesworth and Charlesworth 1987, Falk and
Holsinger 1991, Lynch 1991, Thornhill 1993, Lande et al. 1994, Pray et al. 1994,
Vrijenhoek 1994, Lynch et al. 1995). In studies of natural populations suffering from
inbreeding depression, MLH has been shown to correlate positively with fitness traits
including survivorship and fecundity (Bensch et al. 2006, Cohas et al. 2009, Hoffman et
al. 2014, Kennedy et al. 2014, Velando et al. 2015) as well as phenotypic traits with
substantive effects on fitness (Forstmeier et al. 2012, Ruiz-López et al. 2012, Brommer et
al. 2015). Although criticized for producing noisy, overall weak signals that require large
sample size requirements to detect (Balloux et al. 2004, Pemberton 2004, Slate et al.
2004), when used correctly HFCs can serve as valuable tools for the detection of recent
or ongoing inbreeding depression in natural populations (Szulkin et al. 2010).
In this study, I investigate hypothesized patterns of covariance between
heterozygosity and age-dependent fitness traits in a critically endangered population of
Caribbean rock iguanas (genus Cyclura). Cyclura includes some of the most endangered
lizards in the world, with most taxa severely reduced from historic population sizes and
ranges due to human activity (Alberts 2000, Lemm and Alberts 2012). Despite an
inferred large role for over-water dispersal in facilitating gene flow between iguana
populations in the Caribbean (Censky et al. 1998, Knapp 2005), fine-scale genetic
differentiation among Cyclura populations separated by broad water channels suggests
that realized gene flow is often lower than expected (Colosimo et al. 2014). In Chapter II
I demonstrated pronounced dispersal among neonates and juvenile iguanas on Little
Cayman, suggesting that passive inbreeding avoidance strategies may be under strong
selection in pre-reproductive life stages. However, in my investigations into SIRI’s
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mating system (Chapter IV) I observed a limited role for active inbreeding avoidance in
reducing the frequency of matings between relatives, suggesting that population size
reductions are unlikely to be met with a strong behavioral response.
I tested for inbreeding depression in C. nubila caymanensis by assessing whether
MLH in neonates was elevated relative to that in individuals that have survived through
their first year. I also examine inbreeding’s effects on individual fitness by employing
body size as a morphological proxy. This trait has been correlated with critical aspects of
early survivorship in lizards including resource acquisition and predator avoidance
(Clobert et al. 2000; Le Galliard et al. 2004). Body size is also an indicator of fitness
among adult iguanas. In males, large size confers competitive ability and reproductive
dominance (Alberts et al. 2002, Chapter IV) and in females it confers higher fecundity
(Iverson et al., 2004 and references therein; Pérez-Buitrago et al., 2016; Chapter III).
Thus, I test for significant HFCs with body size in both neonates and adults.

Methods
Sampling
Tissue samples were obtained from unique individuals captured on Little Cayman
in the summer of 2015. Complete protocols for capturing and processing adult and
hatchling iguanas are described in Chapter IV of this text. Briefly, neonates were
captured by hand as they emerged from pre-marked egg chambers enclosed with
aluminum flashing, or were captured opportunistically with the aid of a noose. Sampling
commenced at the beginning of the emergence season (August 1) such that all hatchlings
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in this study were sampled within a few weeks of emergence (age 0). In addition to
sampling neonates, animals ≥1 year of age (age 1+) were also captured opportunistically
between the months of May and September with the aid of a noose or net. The length of
iguanas were measured from snout-to-vent (SVL) and weighed in plastic or cloth bags
with 60g-10kg spring scales (Pesola®, Feusisberg, Switzerland). All captured individuals
were injected subdermally with HPT8 MiniChip passive integrative transponder tags to
facilitate permanent identification and avoid replicate sampling (Biomark™, Boise, ID,
USA). Small volumes of blood (0.5-1.0 mL) were drawn from the ventral caudal vein of
each iguana and stored in cryovials containing a 1.5:1 ratio of blood buffer (100 mM Tris
HCl, 100 mM EDTA, 10 mM NaCL, and 0.5% SDS) to blood.

DNA extraction and amplification of target regions
DNA was extracted using a Maxwell® 16 Nucleic Acid Extraction System along
with Maxwell® 16 Tissue DNA Purification Kits and protocols (Promega©, Fitchberg,
Wisconsin, U.S.A). Over 70 nuclear microsatellite markers developed for various
Cyclura taxa (Malone et al. 2003, An et al. 2004, Rosas et al. 2008, Lau et al. 2009,
Welch et al. 2011) were screened and a total 22 were identified as polymorphic in C.
nubila caymanensis (Appendix Table H.1) and selected for individual genotyping. Target
regions were amplified by touchdown polymerase chain reaction (PCR) protocols: initial
denaturation at 94°C for 5 minutes, 10 touchdown cycles (94°C for 30 s, 10° above final
annealing temperature for 30 s, and 72°C for 30 s), 25 regular cycles (94°C for 30 s,
annealing temperature for 30 s, and 72°C for 30 s or 45 s), and final elongation at 72°C
for 7 minutes (Don et al. 1991). Following visual confirmation by gel electrophoresis,
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PCR products were analyzed on ABI 3730 capillary sequencers (LIZ-500 Size Standard;
Applied Biosystems) at Arizona State University Core Laboratories.

Estimation of genetic diversity indices
Individual microsatellite genotypes were scored visually using Peak Scanner
version 1.0 (Applied Biosystems). In an effort to avoid replication bias imposed by
whole-clutch sampling, only samples from the age 1+ cohort were analyzed to calculate
genetic diversity metrics. Loci were first tested for deviations from Hardy-Weinberg
Equilibrium (HWE), rather than for heterozygote deficits, using GenePop on the Web
(Rousset 2008). The same application was used to assess Linkage disequilibrium (LD).
Tests were performed with default values for dememorization steps, batches, and
iterations, and sequential Bonferroni corrections were applied to adjust critical
significance levels for multiple tests (Holm 1979). Each locus was also tested for the
presence of null alleles with Micro-Checker (Van Oosterhout et al. 2004).
To evaluate contemporary levels of population genetic diversity following
ancestral inbreeding and drift, I estimated effective population size (Ne) in NeEstimator
v. 2 (Do et al. 2014) using a single-sample method based on bias-corrected LD (Hill
1981, Waples 2006, Waples and Do 2010). This metric was selected over other singlesample methods such as the heterozygote excess method (Pudovkin et al. 1996, Zhdanova
and Pudovkin 2008), and the molecular coancestry method (Nomura 2008) because it
accounts for small sample sizes and alleles with low frequencies, and because other
methods are known to yield biased estimates of Ne (Do et al. 2014). To account for the
presence of multiple low-frequency alleles in my sample (< 0.01), the smallest value for
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minimum allele frequencies (0.01) was selected to perform this calculation. GenePop on
the Web was again used to calculate population genetic summary statistics, including
observed heterozygosity (HO), expected heterozygosity (HE), and F-statistics. In addition,
allelic richness (Ar) as defined by El Mousadik and Petit (1996) was estimated with the R
package PopGenReport (Adamack and Gruber 2014).

Multi-locus heterozygosity calculations
To investigate the pervasiveness and variance in inbreeding among distinct
cohorts, multi-locus heterozygosity (MLH) was estimated from individual microsatellite
genotypes. Microsatellites are generally considered selectively neutral (Queller et al.
1993, Jarne and Lagoda 1996) and because their stepwise mode of mutation facilitates the
maintenance of highly polymorphic loci, each individually conveys more information
than bi-allelic markers such as SNPs (Vignal et al. 2002). Because they are highly
mutable, microsatellites are also well-suited to detect HFCs that arise due to short-term
processes, such as crosses between relatives or small population size (Tsitrone et al.
2001). Because this study utilizes whole clutches of offspring and because realized
inbreeding coefficients do not always correspond with pedigree expectations (Forstmeier
et al. 2012), the high allelic variation introduced by microsatellites may also be important
for detecting variation among siblings.
MLH was estimated with three alternative estimators in the R package Rhh v.
1.0.2 (Alho et al. 2010). The first method, standardized heterozygosity (SH), calculates
individual multilocus heterozygosity divided by the average heterozygosity of the sample
population (Coltman et al. 1999). Second, internal relatedness (IR) calculates the
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proportion of loci that are homozygous weighted on the basis of the frequency of alleles
(Amos et al. 2001). Finally, homozygosity by locus (HL) calculates homozygosity
weighted for individual loci on the basis of allelic number and evenness (Aparicio et al.
2006).

Test for age-dependent selection
Tests for age-dependent selection were performed using a stratified sampling
approach, sampling one hatchling per each unique clutch, to minimize bias resulting from
a lack of independence. Two sample T-tests were performed to test for statistically
significant differences in mean MLH measures between age cohorts. The differences
between means of traits before (age 0 cohort) and after (age 1+ cohort) selection, the
directional selection differential, and the standardized selection differential, or selection
intensity, were computed for each MLH measure following Kingsolver et al. (2001) and
Falconer and Mackay (1996). Data were scaled to MLH distributions of the pre-selection
sample, such that selection intensity represented the mean of the selected proportion in
standard deviations. These values were then used to quantify the proportion of the age 0
cohort selected, following Falconer and Mackay (Appendix Table A; 1996). Stratified
sampling of the pre-selection cohort and associated calculations were conducted for 1,000
bootstrap iterations.
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Heterozygosity-fitness correlations
To distinguish the effects of shared clutch characteristics from individual genetic
effects, mean values of SVL and body mass were regressed on known clutch parameters,
including incubation length and clutch size. The former effect has been implicated in
offspring body size in reptiles (Shine and Olsson 2003, Brown and Shine 2005) while the
latter imposes trade-offs on the amount of resources dams can invest in individual eggs
and offspring (Brown and Shine 2009). The R package lme4 (Bates et al. 2015) was
employed to fit linear mixed models incorporating MLH to each fitness response
variable. Clutch identity and hatch date were specified as random effects, and to test for
model improvement, clutch size and incubation length were incorporated as fixed effects.
A total 16 multivariate models with up to three predictors of hatchling SVL and mass
were ranked based on corrected Akaike Information Criteria (Akaike 1974, Hurvich and
Tsai 1989). Models ≥2 AICc units clear of the next best model were considered the
nominal ‘best.’ Marginal R2 of fixed effects were calculated in the R package MuMIn
(Bartón 2015).
From the age 1+ cohort, only sexually mature individuals (SVL > 33 cm for
females and SVL > 39 cm for males; Appendix C) were included in HFC calculations.
Due to extreme sexual size dimorphism in adult iguanas, morphometric measures for
each sex were independently transformed into Z-scores prior to computing HFCs (Sokal
and Rohlf 1995). In models predicting adult body size, sex and sampling date were
specified as random effects.
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Tests for general and local effects
While global reductions in heterozygosity resulting from inbreeding are
hypothesized to affect fitness negatively, HFCs at individual loci may be positive,
negative, or null if they arise as artifacts of linkage disequilibrium (LD) between neutral
markers and genes affecting fitness (David and Jarne 1997). To discriminate between
genomewide, or ‘general’ effects of inbreeding depression and ‘local’ effects resulting
from associations of single-locus heterozygosity (SLH) with particular fitness traits,
additional tests were needed. A modification of Cockerham and Weir's (1973) identity
disequilibrium (ID) estimate, the g2 statistic (David et al. 2007), was employed to
evaluate the focal panel of loci for significant covariance in heterozygosity – which
should occur if MLH is capturing variation in individual inbreeding. This test was carried
out using the R (R Core Development Team 2017) package, inbreedR (Stoffel et al.
2016).
To test for significant local effects across marker loci, the equation presented by
Szulkin et al. (2010) for comparing the goodness-of-fit of a simple linear regression to
the goodness-of-fit of a multiple linear regression was employed (Equation 5.1).
According to this test, an F-value greater than the critical value of F (based on degrees of
freedom) suggests significant local effects. Following the recommendation of Szulkin et
al. (2010) missing data were replaced with mean heterozygosity states for each locus to
compare model fits between multiple and simple linear regression. Sequential Bonferroni
corrections were applied to all single-locus regressions to account for multiple
comparisons.
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Szulkin et al.’s F ratio calculation to compare the goodness-of-fit of a general effects and
a local effects model to explain HFCs. Where resSS1 and resSS2 are the residual sum of
squares estimated from models of simple linear regression and multiple linear regression,
respectively, and df1 and df2 are degrees of freedom.
Results
In total, 169 age 0 and 120 age 1+ individuals were sampled on Little Cayman
between 2015 and 2016. Of 6,358 genotypes, 6,081 were successfully scored. Sampled
neonates spanned at least 55 unique clutches, for which 17 possessed complete data on
clutch size and incubation length. Within the adult sample, 33 individuals were classified
as subadults based on their SVL. Hence, 120 hatchlings and 87 adults were enlisted to
compute HFCs.

Genetic diversity
After Bonferroni corrections, no significant deviations from HWE were detected
at any of the 22 microsatellite loci amplified for the age 1+ cohort. Only one pairwise test
for LD was significant at α = 0.05. None of the loci examined exhibited null allele
frequencies exceeding 0.20. The effective population size on Little Cayman as estimated
by the LDNe method was 186.5 (95% CI = 143.4-258.6) – approximately one tenth of
minimum census size estimates for Little Cayman. Overall genetic diversity indices (HE =
0.495, HO = 0.514, and Ar = 4.83) and population-level inbreeding (FIS = -0.034) imply
heterozygote excess in the age 1+ cohort.
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Patterns of MLH and age-dependent selection
Mean heterozygosity differed significantly between age classes in a maximum of
12.5% of bootstrap sampling iterations (Table 5.1). Non-significant reductions in
homozygosity in the age 1+ cohort compared to the age 0 cohort were detected using
each of the three measures (Fig 5.1). Selection intensity for heterozygosity was positive
for all measures of MLH (IR and HL are interpreted with inverse signs, as these measure
homozygosity) and ranged from 0.047 to 0.245. Extrapolating from these, the proportion
of the pre-selection cohort that would need to be removed to arrive at mean MLH values
observed in the post-selection cohort ranged from 1-7%, with the largest effect being
observed for estimates of IR.

Table 5.1:

N

Age-dependent multi-locus heterozygosity summary.

age 0
(pre-selection)
169

age 1+
(post-selection)
120

Prop. Significant
t-tests

Selection Intensity
(Proportion Selected)

0.134 ± 0.06
(96-97%)
-0.245 ± 0.063
IR
0.101 ± 0.164
0.061 ± 0.163
0.125
(93-94%)
-0.047 ± 0.057
HL
0.402 ± 0.103
0.397 ± 0.109
0
(98-99%)
Mean measures of standardized heterozygosity (SH). internal relatedness (IR), and
homozygosity by locus (HL) within one standard deviation for the age 0 (pre-selection)
and age 1+ (post-selection) cohorts; proportion of 10,000 bootstrap samples of hatchlings
possessing significant differences in means compared to the adult sample (-1.96 ≤ tstatistic ≥ 1.96); Average values of standardized selection differential (Selection
Intensity) for SH, IR, and HL across 10,000 bootstrap samples within one standard
deviation, and corresponding values for Proportion Selected, estimated from a table of
selection intensities in Falconer and Mackay (Appendix Table A; 1996).
SH

0.993 ± 0.186

1.018 ± 0.195
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Figure 5.1:

age 1+

age 0

age 1+

age 0

age 1+

Multi-locus heterozygosity distributions in age 0 and age 1+ cohorts

Distributions of A) standardized heterozygosity (SH), B) internal relatedness (IR), and C)
homozygosity by locus (HL) in the age 0 and age 1+ cohorts. Violin plots were generated
using all samples from each age class (n = 169 and n = 120, respectively), and overlaid
box plots summarize the distributions of independent samples for each age class (n = 55
and n = 120, respectively).

Heterozygosity-fitness correlations
A large amount of variation was detected in hatchling SVL (89 mm < SVL < 120
mm) and mass (36.5 < mass < 53.5 g) at hatching. Random effects (hatch date and clutch
identity) explained a significant proportion of the variance observed in both SVL
(R2conditional = 0.69) and body mass (R2conditional = 0.74) in null models. Moreover, I
detected positive correlations between incubation length and the mean SVL and body
mass of hatchlings in clutches possessing data for this parameter (n = 11; Fig 5.2). The
relationship with mean SVL attained statistical significance with p = 0.002 (F(1,9) = 17.29,
R2 = 0.620). Regressions with clutch size (n = 10 clutches) did not reveal any significant
relationships with mean body mass or SVL, although non-significant trends followed the
overall trajectory of decreasing individual body size with increasing clutch size.
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Clutch Size

Hatchling snout-vent length versus incubation length and clutch size

Mean values of hatchling snout-vent length (SVL) calculated for individuals of a given
A) incubation length, and B) clutch size. Error bars represent observed variation in SVL.
The R2 value of each regression is reported on the graph and is associated with the shown
trend line.
Estimates of individual MLH varied within clutches, and independent of other
predictors, accounted for between 0.1 and 0.8% of variance in SVL and body mass
(Tables 5.2 and 5.3). The best model for hatchling SVL was incubation length (R2marginal =
0.45), which improved AICc by 7.60 relative to the null. The next best models included
incubation length and one of each of the three MLH estimators as predictors. These were
the only other models to improve significantly upon the null, although no MLH estimator
improved upon incubation length alone as a predictor. The best three models of hatchling
body mass (AICC improvement of 6.92-7.34 relative to null) included both clutch size
(R2marginal = 0.04) and one of three MLH estimators as predictors. Taken independently of
clutch size, each of the three MLH estimators also improved significantly upon the null
model of hatchling body mass.
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Table 5.3:

Table 5.4:

Results of linear mixed models predicting adult body size.

Predictor
Estimate
SE
Marginal R2
P
Intercept
-0.029
0.115
0.116
0.753
SH
-0.918
0.539
0.033
0.089
SVL
IR
1.345
0.671
0.045
0.045*
HL
2.112
1.006
0.049
0.037*
Intercept
-0.039
0.124
0.174
0.798
SH
-1.1
0.541
0.039
0.063
Body Mass
IR
1.303
0.68
0.042
0.055
HL
2.039
1.025
0.045
0.047*
Snout-vent length (SVL) and body mass in iguanas ≥1 year of age are standardized by
sex; Sex and sampling date were specified as random effects in each model, which tested
SH, IR, and HL as fixed effects.
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Figure 5.3:

Heterozygosity-fitness correlation of adult body size

Relationship between internal relatedness (IR), a measure of multi-locus homozygosity,
and sex-standardized z-scores of adult snout-vent length (SVL). The R2 value of the
regression is reported on the graph and is associated with the shown trend line.
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Within the adult cohort, MLH accounted for between 3.3 and 4.9% of variance in
SVL and body mass. However, HFCs were negative in all cases and correlations with
SVL and mass were significant for IR and HL and HL, respectively (Table 5.4; Fig 5.3).

General and local effects of markers
No single-locus effects were statistically significant after correcting for multiple
comparisons. Significant local effects could not be invoked in either age class to explain
HFCs (F-ratio << Fcritical for df = (21, 144)), suggesting a larger role for general effects.
However, the g2 statistic computed to assess the degree of identity disequilibrium was not
statistically different from zero across the sample population as a whole (g2 = -0.0004, SE
= 0.0028, p = 0.544) or within samples of the age 0 cohort (g2 = -0.0015, SE = 0.0040, p
= 0.663) or age 1+ cohort (g2 = 0.0021, SE = 0.0046, p = 0.322), failing to support
general effects as an overall explanation for HFCs.

Discussion
Inbreeding depression can have severe consequences for population persistence,
and may strike disproportionately under varying environmental conditions and at
different life stages. This study evaluates the role that inbreeding plays in regulating the
population dynamics of a critically endangered rock iguana, Cyclura nubila caymanensis,
on Little Cayman. I observed heterozygote excess among individuals 1 year and older,
however, directional selection for multi-locus heterozygosity (MLH) was largely
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negligible. Indeed, an absence of significant age-dependent genetic variation suggests
that recruitment is largely unbiased with respect to inbreeding level. Among neonates,
variation in body size was largely explained by clutch identity and incubation length,
with individual heterozygosity exerting only weak positive effects on body mass. Positive
HFCs were not observed among individuals that survived through their first year,
suggesting possible age-dependent components of inbreeding depression. On the
contrary, negative HFCs (p < 0.05) were detected in adults. These patterns could be an
artifact of selective mortality at earlier life stages, potentially explaining the weakness of
HFCs observed in nature.
In general, patterns of age-dependent variation in MLH on Little Cayman failed to
support the hypothesis that selection should remove highly inbred individuals from the
population prior to achieving one year of age. While all three measures of MLH produced
lower mean values for hatchlings than for adults, these differences were not significant.
Selection intensity computed from IR implied that 6-7% of neonates would need to be
removed from the pre-selection cohort to arrive at the mean levels of heterozygosity
detected in individuals one year or older. This statistic was smaller for SH (3-4%) and HL
(1-2%), however, IR has been found to outperform other accepted molecular measures
for quantifying individual inbreeding coefficients (Forstmeier et al. 2012). A magnitude
of selective mortality on this order, attributed to genetic factors, is likely to comprise only
a small fraction of total attrition anticipated under a typical iguana life history regime.
Indeed, a study of Cyclura carinata on Little Water Cay (Berk 2013) reported substantial
purging of homozygous offspring (49.8-62.7%), and yet this population is extremely
dense and healthy and has likely remained stable for hundreds of generations (Gerber
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2004). Thus, at stable population densities, a highly fecund species should be capable of
absorbing some inbreeding costs (Mills and Smouse 1994). Selective mortality may even
be a natural dynamic, enhancing the effectiveness of selection at minimizing genetic load
in populations of small effective size.
Evidence for effects of inbreeding on early fitness was ambiguous in this study, at
best. Overall, non-genetic factors including clutch identity and incubation length
explained substantial variance in body size at hatching, a phenotypic indicator of fitness
in neonate iguanas (Clobert et al. 2000, Le Galliard et al. 2004). This implicates a large
role for maternal and early environmental effects in shaping natal characters. In
concordance with this finding, I demonstrated in Chapter III that the probability of an egg
failing to hatch or hatching prematurely is significantly predicted by phenology, nest
depth, and nest densities – conditions that may have important consequences for early
growth and survivorship (Warner and Shine 2007). Meanwhile, MLH exerted only weak
positive effects on hatchling mass, and had no measurable effects on hatchling SVL. It is
possible that inbreeding depression manifests only weakly in these traits compared to say,
life history traits such as growth rate and fecundity (Roff 1998, DeRose and Roff 1999,
Wright et al. 2008). It is further possible that inbreeding imposes fitness consequences at
a stage earlier than sampling was conducted, and future studies may investigate the
feasibility of obtaining genetic samples from inviable or unhatched eggs.
Regardless of the trait or stage in which fitness is measured, weak (1-2%
measurable fitness differences; Slate et al. 2004) and non-significant HFCs are common
in the literature (76% of studies reviewed in Chapman et al., 2009). In practice, ability to
detect variation in fitness due to inbreeding may be improved through more robust
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sampling (Slate and Pemberton 2002) or by increasing genomic coverage (Miller et al.
2014). Meeting the former requirement presents logistical and ethical challenges in
studies of free-ranging endangered species. However, the demonstration of weak
correlations between hatchling body mass and MLH estimated from a small panel of loci
warrants deepening genetic investigations via high-throughput sequencing. Inbreeding
depression in birth weight has been documented in a number of mammal species (Slate
and Pemberton 2002, Dunn et al. 2011, Walling et al. 2011, Hoffman et al. 2014,
Huisman et al. 2016) but fewer studies have investigated these effects in neonate reptiles.
Because hatchling iguanas are completely independent at hatching and subsist on residual
yolk stored in fat bodies during their first days to weeks (Carey 1975, Christian 1986
Levering and Perry 2003, Vogel et al. 1996), effects of inbreeding on initial body mass or
ability to complete yolk absorption could confer disadvantages to survival.
In contrast to the age 0 cohort, a number of significant negative HFCs were
detected in the age 1+ cohort. This mirrors an HFC study recently conducted in Iguana
delicatissima, which reported negative associations between MLH and adult body size
after no significant associations were produced for hatchlings (Judson et al. 2018). While
such trends need not reflect biologically significant processes, given their statistical
weakness, it is notable that patterns exhibit reproducibility within taxa and, in either case,
achieve significance thresholds despite substantial noise. Global negative (Marshall and
Spalton 2000) or quadratic (Neff 2004) correlations between MLH and fitness are rare
among published accounts, but may be attributed to outbreeding depression.
Alternatively, Soulsbury and Lebigre (2018) demonstrated that negative HFCs that occur
later in life may be attributed to the selective mortality of low heterozygosity-low body
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mass individuals early in life, resulting in the overrepresentation of high heterozygositylow body mass individuals downstream. Authors of another study, which showed reduced
survival of offspring of close relatives but improved survival of offspring of highly
inbred mothers, reasoned that inheriting “proven” genotypes could confer fitness
advantages (Weiser et al. 2016). To expand on these assessments, selection can be
expected to act differently on homozygous genotypes comprised of deleterious versus
neutral or beneficial alleles, resulting in directional shifts in their relative frequencies
before and after selection. In theory, this dynamic could give rise to the resulting negative
HFCs with body size after selection. This might also help to explain the general weakness
of HFCs in nature. Such effects need not set the precedent for HFCs in adults, however.
In Chapter IV I uncovered a positive relationship between female MLH and fecundity,
illustrating that inbreeding depression may persist in critical fitness traits well into
adulthood. Hence, decoupling lifetime and cross-generational fitness consequences of
inbreeding in this population will require greater depth of genomic sampling and more
long-term research.
Although I did not find evidence for general or local inbreeding effects driving
HFCs in this study, statistics calculated from small panels of loci under small effective
population sizes should be interpreted cautiously. Kardos et al. (2014) demonstrated
using computer simulations that for populations exhibiting low variance in individual
inbreeding coefficients, significant identity disequilibrium is unlikely to arise in small
panels of loci (<100 microsatellites or 1000 SNPs) even when significant HFCs are
caused by inbreeding depression. Despite historical selection pressures, contemporary
variance in inbreeding may be low, which could contribute to the small effect sizes
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detected in this study. Moreover, while heterozygosity at individual loci was not
significantly correlated with fitness-related traits, these tests fail to account for the
confluence of negative and positive effects of different allelic combinations. Because the
simultaneous action of general and local effects on a panel of loci could confound overall
correlations of heterozygosity with fitness, failure to detect ID or F >> Fcritical does not
necessitate that effects of inbreeding depression on fitness traits be dismissed.
Because small populations face heightened risks of extinction when demographic,
environmental, and genetic stochasticity are compounded (Gilpin and Soulé 1986, Reed
and Frankham 2003, Fagan and Holmes 2006), genetic monitoring to detect early
signatures of inbreeding depression is crucial for the management of threatened island
taxa. The population examined in this study exhibits historical small size and isolation
and has likely experienced a history of inbreeding. While highly effective genetic
‘purging’ is often invoked to explain long-term population persistence under these
demographic conditions (Templeton and Reed 1984, Lande 1988, Simberloff 1988,
Robinson et al. 2018), a number of studies in natural populations have since
demonstrated that populations subjected to ancestral inbreeding and serial bottlenecks are
no less susceptible to severe inbreeding depression than outcrossed populations
(Frankham 1998, Leberg and Firmin 2008, Kennedy et al. 2014). Under times of stress,
further fitness reductions resulting from genetic factors could accelerate population
decline. Qualitative observations of iguana densities on Little Cayman indicate that
numbers have been declining gradually since around the 1970s (Grant 1940, Townson
1980, Blair 1983) and that this trend may have escalated in recent years due to increased
vehicular traffic and the spread of feral mammals (Goetz and Burton 2012). Future
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intensified inbreeding accompanying these trends may not be readily detectable if
signatures such as reduced recruitment are masked by the extreme longevity of adults
(Cyclura live in excess of 50 years in some taxa; Iverson et al. 2004; Burton 2012) and
overlapping generations. Thus, expanded genetic monitoring involving larger panels of
neutral SNPs would be desirable to evaluate recent or ongoing inbreeding depression in
C. nubila caymanensis.
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CHAPTER VI
FIRST EVIDENCE FOR CROSSBREEDING BETWEEN AN INVASIVE IGUANA
IGUANA AND THE NATIVE ROCK IGUANA (GENUS CYCLURA) ON
LITTLE CAYMAN

Abstract
Green iguanas (Iguana iguana) are invasive throughout the West Indies and cooccur on several islands with native rock iguanas (Genus Cyclura). In August 2016, three
hybrid hatchlings were captured on Little Cayman Island, providing the first evidence for
a successful crossbreeding event between I. iguana and any Cyclura rock iguana species
in the wild. Hybrid status was confirmed with morphological and genetic character
analysis. This discovery prompts new concerns for biosecurity in the Caribbean.

Introduction
Hybridization between species is an important evolutionary force in nature that
occurs frequently when range boundaries overlap, however hybridization events
propagated by human-induced environmental changes and introductions can break down
natural barriers to gene flow and ultimately lead to biodiversity loss (Allendorf et al.
2001, Crispo et al. 2011). When contact occurs between rare and endemic taxa and a
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widespread sister species, native taxa are not only at a heightened risk of replacement due
to competition and predation, but also face potential genetic swamping due to
introgression (Rhymer and Simberloff 1996). A recent meta-study suggests that among
vertebrate clades, squamate lizards exhibit particularly high rates of hybridization
between genetically divergent taxa (Jančúchová-Lásková et al. 2015). Hybridization
events may occur between genera, as in the case of the Galapagos marine
(Amblyrhynchus cristatus) and land iguanas (Conolophus subcristatus), which are
estimated to have diverged 10.5 mya (Rassmann et al. 1997).
Iguanas are among the world’s most endangered animals, and because
diversification of island lineages is suspected to have occurred largely in allopatry after
independent colonization events, reproductive barriers between naturally isolated taxa
may be weakly reinforced (Noor 1999, Malone et al. 2000). The largely human-mediated
expansion of invasive green iguanas (Iguana iguana) – natives of Central and South
America – across the greater Caribbean in recent decades has intensified regional
biosecurity concerns (Falcón et al. 2012). The species’ earliest introductions from French
Guyana resulted in widespread introgression with the endangered I. delicatissima in the
Lesser Antilles and local extirpation on some islands that severely threatened long-term
viability (Vuillaume et al. 2015). Successful human commensals like green iguanas on
Puerto Rico and Grand Cayman have multiplied exponentially in recent years to achieve
populations numbering in the hundreds of thousands (López-Torres et al. 2012,
Haakonsson 2016).
While I. iguana is widely regarded as a pest species due to the damaging effects
of high population densities on local biodiversity, agriculture, and infrastructure, the
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possibility of hybridization with native rock iguanas has not been a major subject of
concern. Malone et al. (2000) used molecular dating to estimate the ancestral origin of
Cyclura, a genus that split from ancestral mainland lineages to radiate across the
Caribbean, to about 20 mya. In addition to assumptions of deep phylogenetic divergence,
behavioral isolation stemming from differences in habitat associations and social cues is
expected to reduce direct interactions between these taxa. While conditions promoting
interspecies interactions, such as such as restricted mate choice, may be lessened on
islands where invasive green iguanas occur at high densities, a few anecdotal accounts of
nest site competition and copulation attempts have in fact been reported on Grand
Cayman within areas of co-occurrence.

Evidence for crossbreeding with a native rock iguana
As recently as 2007, green iguanas began to appear on Little Cayman and
Cayman Brac. These small islands represent the entire range of the endemic and critically
endangered Sister Islands Rock Iguana, or SIRI, (Cyclura nubila caymanensis).
Heightened local awareness of invasive threats has contributed to the successful removal
of dozens of green iguanas from Little Cayman since their first sightings, and these
efforts likely delayed establishment. On 26 August 2016, the leadership of Little
Cayman’s “Green Iguana B’Gonna” program, Michael Vallee and Ed Houlcroft,
responded to a report issued from a West End dive resort, Pirates’ Point (PP). A small
green hatchling was captured by noose, and five days later a research team from
Mississippi State University captured two more hatchlings matching the description. All
three hatchlings were captured within the immediate vicinity of PP, indicating they are
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likely siblings of a larger clutch. Preliminary morphological appraisal of the hatchlings
prompted consultation and examination by the Cayman Islands Department of
Environment.

Figure 6.1:

Hybrid photos

Photos of a putative hybrid next to hatchlings of either parent species: A) next to a
hatchling green iguana (top) and B) next to a hatchling SIRI (top). Photos by Fred Burton
and Tanja Laaser, respectively.
Major morphometric indicators including the body size and the body length to tail
length ratio of the putative hybrids (13.5-17.5 g, 75-79 mm snout-to-vent length (SVL),
and 185-215 mm vent-to-tail length (VTL)) align more closely with I. iguana hatchlings
(12 g, 65-90 mm SVL, and 150-270 mm VTL) than with SIRI hatchlings (40-50 g, 100120 mm SVL, 210-290 mm VTL). Side-by-side comparison photos (Fig. 6.1) illustrate
body size relationships, which are consistent with a female green iguana having produced
the clutch. Additional morphological characteristics, including patterns of scalation and
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coloration, were examined in greater detail. First, the species-specific states of fourteen
fully diagnostic and non-overlapping morphological characters between hatchling I.
iguana and hatchlings of the C. nubila group were determined in three live green iguana
hatchlings captured on Grand Cayman and four photographed SIRI hatchlings. The
character state affinities of the putative hybrids were then determined from a series of
photographs taken on Little Cayman by Edward Houlcroft. For seven of the fourteen
characters, the putative hybrids were determined to have intermediate affinities between
the parent species, while discriminate affinities were also detected for four characters of
Cyclura and two of Iguana. One character, toothed scale rings around the tail, could not
be properly scored from photographs (Table 6.1, Fig. 6.2).
Table 6.1:

Species-diagnostic morphological character states.
Character

Iguana
iguana
absent

Cyclura nubila
caymanensis
present

Three Putative
hybrids
intermediate

present

absent

intermediate

present
absent

absent
present

absent
TBD

absent

present

absent

absent
absent

present
present

intermediate
intermediate

absent

present

intermediate

absent

present

absent

absent

present

intermediate

Comb scales under rear feet
Conspicuously enlarged
subtympanic shield scale
Dewlap spines
Toothed scale rings around tail
Ocellated foot spots (dorsal
aspect)
Enlarged midline frontal scale
Nasal scales in contact
Supralabial scale row extends to
auriculum
Enlarged, apicular cheek scales
Enlarged, apicular pre-auricular
scales
Suborbital scale row extending to
auriculum
Abdominal ground color
Color of chevron spots

absent

present

present

Mid green
Bright white

Number of dorsolateral chevrons

2-3 partial

Pale grey
Pale cream
5-7 mostly
complete

lemon green
lemon green
4-5, mostly
complete
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Diagnostic hybrid photos

Diagnostic photographs of a SIRI hatchling and a putative hybrid hatchling. Apical cheek spines and pre-auricular scales appear
enlarged in Cyclura hatchlings (A) and reduced in the putative hybrids (B), but both (A) and (B) exhibit extension of the suborbital
scale row to the auriculum, a characteristic absent in Iguana. The putative hybrids have a reduced version of the enlarged
subtympanic scale and partial extension of the supralabial scale series (B), two prominent features in Iguana that are absent in
Cyclura. The series of midline frontal scales and enlarged nasal scales that are in contact, prominent features in Cyclura hatchlings
(C), are intermediate in the hybrids (D). In the character of dorsolateral chevrons, prominent in Cyclura hatchlings (E) but absent or
underdeveloped in Iguana hatchlings, the putative hybrids show clear affinity with Cyclura (F), although coloration and number
appear to differ. Putative hybrids also exhibit comb scales on their rear feet as in Cyclura hatchlings (G) but the scales are slightly
less pronounced (H). Photographs by Edward Houlcroft.

Figure 6.2:
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To evaluate each putative hybrid genetically, 0.5 ml of blood was drawn from the
caudal vein and preserved in 0.5% SDS blood buffer. For comparison, additional blood
samples were obtained from eleven green iguanas culled on Little Cayman (n=2) and
Cayman Brac (n=9) between 2014 and 2015, as well as 64 adult SIRIs sampled on Little
Cayman in 2016. DNA was extracted with Maxwell® 16 Tissue DNA Purification kits.
To determine maternal identity, the NADH subunit 4 gene of the mitochondrial genome
(mtDNA) was amplified with primers and PCR protocols developed for Martin et al.
(2015. Fragments of 421 to 526 bp were aligned with published sequences on
GenBank®. All three putative hybrids and two green iguana controls aligned with 99%
sequence similarity to published haplotypes of Iguana iguana (Stephen et al. 2013), while
three control sequences amplified from hatchling SIRI aligned with 99-100% sequence
similarity to published haplotypes of Cyclura nubila (Malone et al. 2000, Starostová et al.
2010). The mtDNA data agrees with morphological indicators, such as hatchling body
size, in supporting an I. iguana maternal lineage.
To assess biparental make-up of the putative hybrids, 16 microsatellite markers
optimized for C. n. caymanensis (Malone et al. 2003, An et al. 2004, Rosas et al. 2008,
Lau et al. 2009, Welch et al. 2011) and 7 microsatellite markers optimized for I.
delicatissima (Valette et al. 2013) were enlisted for multilocus genotyping (Appendix
Table I.1). I hypothesized that F1 hybrid genotypes would reflect one of three possible
inheritance patterns: 1) hemizygosis for private I. iguana alleles; 2) hemizygosis for
private C. n. caymanensis alleles; or 3) heterozygosis for private I. iguana and C. n.
caymanensis alleles. Each locus was amplified with one or two replicates according to an
optimized touchdown PCR protocol and fragment analysis was performed at the Arizona
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State University DNA Core Laboratory. Allele scoring was performed with
PeakScanner™ software. Genotypes of the three putative hybrids, eleven green iguanas,
and three SIRI hatchlings are consistent with the three anticipated hybrid inheritance
patterns.
Two Iguana-characterized loci and one Cyclura-characterized locus amplified in
both the putative hybrids and their target species but did not amplify in their non-target
species. This fits predictions one and two for hemizygosity. Among the 20 loci that
amplified for both target species and putative hybrids, three loci were uninformative due
to the presence of shared alleles. Of the remaining loci for which private allele profiles
were detected in either target species, thirteen loci exhibited the predicted heterozygosity
pattern in the putative hybrids and four loci contained only a single allele copy (a private
SIRI allele). Where loci did not conform perfectly to the expected heterozygosity pattern
in putative hybrids, it can be deduced that alleles from the non-target species amplified
weakly or not at all due to either allelic dropout or the preferential amplification of the
target species allele during PCR. Private SIRI alleles were detected at 18 of 23
microsatellite loci in the putative hybrids, which in combination with the presence of
green iguana mtDNA haplotypes provides strong support for interspecies introgression.
An exploratory Discriminant Analysis of Principal Components (DAPC) was
performed in the R package, ‘adegenet’ (Jombart and Ahmed 2011), to identify genetic
clusters amongst the three putative hybrids, 11 green iguanas, and 64 SIRIs based on 23
microsatellite loci. To facilitate this analysis, missing genotypes were replaced with mean
allele frequencies from within sample populations, as outlined by Jombart and Ahmed
(2011). Retaining three discriminant functions, individuals were assigned to four
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genetically distinct clusters with high membership probabilities. Because the clusters
were very well differentiated, the resultant DAPC spans an expansive multivariate space.
As expected for F1 hybridization, the three putative hybrids formed a unique cluster with
its centroid approximately equidistant between the pure green iguana and SIRI clusters
(Fig. 6.3).

d = 20

Figure 6.3:

Molecular discriminant analysis of principal components

Minimum-spanning tree connecting four identified genetic clusters within the
multivariate space generated by allele frequency differences at 23 microsatellite loci (grid
size=20 units). With 30 PCs retained, 93.1% of variance is conserved.
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Conclusion
This morphological and molecular evidence provide strong support of
interbreeding between I. iguana and a Cyclura species. This is the first such observation,
and challenges the assumption of complete reproductive isolation between the genera and
prompts new concerns over biosecurity in the Cayman Islands and across the Caribbean.
Indeed, the known invasive range of green iguanas confers potential for contact with at
least seven Endangered or Critically Endangered rock iguanas, including C. lewisi on
Grand Cayman, C. ricordi and C. cornuta in Hispaniola, C. carinata in the Turks and
Caicos, C. pinguis on Anegada, C. cychlura and C. rileyi in the Bahamas, and C.
stejnegeri on Mona Island. The island nations of Bahamas, where naturalized green
iguana populations are known to exist (Knapp et al. 2011), and Jamaica, where green
iguanas have been recently introduced (Pasachnik, pers. comm.), have particular cause
for concern in the wake of this finding.
Three additional hybrids presumed to be of the same clutch have been captured on
Little Cayman in the year following the original discovery and genetic analyses are
pending to confirm their identity. While the fertility of hybrids remains to be
investigated, possible widespread introgression could create significant management
concerns for endangered populations. Because hybrids were never previously detected in
the invasive range of I. iguana in the Greater Antilles despite introductions dating back as
early as the 1990s, crossbreeding is likely an exceptionally rare event. Nevertheless, the
discovery of hybrids on Little Cayman – an island supporting a robust native iguana
population and very few invasive iguanas – may illustrate a unique danger that can arise
among healthy breeding populations. Extra precaution should be taken to maintain
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biosecurity on islands where green iguanas are not yet established and to impede
opportunities for crossbreeding.
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CHAPTER VII
FINAL SUMMARY
The world is facing a crisis of biodiversity loss, and many rare, threatened taxa
are restricted to ‘last known locations’ (Alliance for Zero Extinction 2018). Many
taxonomic assessments are data deficient and require more knowledge of natural history
to evaluate threats. Small and insular populations also face intrinsic threats to their
viability, such as inbreeding depression (Ralls and Ballou 1983, Wright 1984, Vrijenhoek
1994, Crnokrak and Roff 1999, Keller and Waller 2002, Reed et al. 2002, Escobar et al.
2008, Bouzat 2010, Frankham et al. 2010, Carlson et al. 2014). Many attributes of natural
populations, including conditional expression (Ralls and Ballou 1981, Pray et al. 1994,
Reed and Bryant 2001, Keller and Waller 2002, Keller et al. 2002, Armbruster and Reed
2005, Galloway and Etterson 2005, Szulkin et al. 2007, Rijks et al. 2008, Escobar et al.
2008, Cohas et al. 2009, Laws et al. 2010, Fox and Reed 2011, Olano-Marin et al. 2011,
Huisman et al. 2016), confounding life history parameters (Hoelzel 1999, Koelewijn et al.
2010, Taylor et al. 2017), and behavioral avoidance (Pusey and Wolf 1996, Bull and
Cooper 1999, Stow and Sunnucks 2004, Hoffman et al. 2007, Brekke et al. 2012, Szulkin
et al. 2013, Godoy et al. 2016, Wikberg et al. 2017) can influence the consequences of
genetic factors for population growth and modify perceptions of population health.
Despite substantial attention paid to the impact of inbreeding depression and genetic
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factors on population viability, there remains a shortage of empirical studies to address
the range of conditions under which these dynamics may operate in nature (Crnokrak and
Roff 1999, Keller and Waller 2002, Reed et al. 2002, Spielman et al. 2004, Frankham
2005, O’Grady et al. 2006, Hedrick and Garcia-Dorado 2016, Pemberton et al. 2017).
The overarching objective of this project was to evaluate the immediate and future
conservation needs of a critically endangered taxon, the Sister Island Rock Iguana (SIRI;
Cyclura nubila caymanensis), and to evaluate the relative importance of genetic factors in
regulating its natural population dynamics. By focusing field efforts around SIRI’s
nesting and emergence season, I was able to examine and describe several aspects of
taxon-specific ecology and evaluate population trends in the light of recruitment. This
perspective addresses an important knowledge gap for SIRI, as iguanas are highly elusive
during early life stages and, due to confounding life history parameters of extreme
longevity, high fecundity, and overlapping generations, reductions in recruitment may not
manifest as an immediate marked reduction in population size. Prior to this study, aspects
of the taxon’s behavioral ecology potentially deterministic of recruitment success, such as
strategies involved in nest site selection and mate choice, were largely undescribed.
Moreover, even though historical small size and isolation likely exposed the Sister
Islands populations to prolonged periods of low genetic diversity and inbreeding, no
genetic investigations had previously been carried out on SIRI to evaluate current or
future susceptibility to inbreeding depression.
Thus, my first objective in designing this study was to determine the degree to
which prioritized coastal nesting areas on Little Cayman contribute to population
recruitment. In Chapter II, I demonstrated via a combination of short-term radio tracking
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and long-term mark-recapture surveys that females do not select oviposition sites on the
basis of their home territory location, and that prioritized coastal shrubland indeed
broadly serves the population. I observed that females exhibit a high degree of philopatry
to preferred sites (Chapter III) and migrate up to 2.7 km to access these areas – often
surpassing the first accessible active nesting area and travelling much farther than the
average annual displacement of females within their home territories (52.69 ± 84.8 m;
Chapter II). This underscores the attractive quality of communal nesting sites and hence
implies that they should retain their recruitment value over the long-term. I further
demonstrated in Chapter III that, despite presumed high fitness costs of competition,
females of all ages (inferred by snout-vent length) and by extension, competitive abilities,
utilize communal sites. In finding that the earliest nesters within sites tend to be larger
(e.g. have greater competitive ability), I deduced that females less equipped to incur costs
of extended defense adjust for this condition by delaying nesting until the end of the
season. Moreover, by exploiting existing tunnels – the preferred strategy of
approximately 22% of Preston Bay nesters – females likely reduce energetic expenditure
on excavation, and young and first-time nesters may benefit from social learning. Similar
inferences have been made in reference to other solitary reptiles (Graves and Duvall
1995, Radder and Shine 2007, Doody et al. 2009), illustrating how the adaptive benefits
of communal nesting could extend beyond habitat suitability. Nevertheless, the
microenvironment achieved within nesting aggregations clearly imparts some benefits to
developing eggs as well as mothers. Indeed, the interaction between nest depth and
duration and number of surrounding nests was significantly positively correlated with
clutch hatching success, and this effect was an order of magnitude greater than either nest
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parameter acting alone. This result lends support to my first (although not mutually
exclusive) hypothesis that aggregative nesting behaviors are reinforced by legitimate cues
of site quality, rather than simply occurring as a by-product of maternal “free-loading.”
A second major objective of my study was to evaluate behavioral mechanisms
through which SIRI modifies the context for inbreeding depression to occur. In Chapter II
I demonstrated that dispersal in pre-reproductive life stages might function crucially in
inbreeding avoidance if these processes underlie patterns of genetic admixture described
in Chapter III. As discussed in Chapter IV, the adult breeding population on Little
Cayman exhibits no evidence for genetic isolation-by-distance. I further observed that on
fine spatial scales (<1 km), more closely related males and females establish territories
farther away from each another. Because mate choice appears to be largely dictated by
geographic proximity, I reason that this pattern may be indicative of non-assortative mate
choice taking place during final territory establishment stages. On the other hand, I did
not uncover any genetic evidence that close kin are actively avoided as mates to reduce
the production of inbred progeny. Rather, I found evidence for strong male reproductive
skew – a characteristic of SIRI’s male dominance-driven social system that could
potentially exacerbate erosion of genetic variation. While sex differences in annual adult
displacement combined with variability in mate choice across successive years suggest
that male territory turnover may compensate at least partially for within-season skew,
more long-term monitoring is needed to confirm this hypothesis. Overall, my findings
indicate that while future population reductions and elevated inbreeding are unlikely to be
met with a strong behavioral response in reproductive stages, the majority of inbreeding
avoidance in this population may in fact occur during pre-reproductive stages.
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Finally, in Chapter V of this study I employed heterozygosity-fitness correlations
(HFCs) to assess the relative contributions of genetic factors to individual fitness across
multiple age classes. Specifically, I asked whether taxon-specific life history parameters
(e.g. high fecundity, no parental care, very small body size at hatching) conferred greater
fitness consequences of inbreeding to neonates (e.g. pre-selection) than to iguanas 1 year
or older (e.g. post-selection). Contrary to my predictions, I found that multi-locus
heterozygosity had almost no measurable impact on neonate body size, an indicator of
survival probability, after accounting for a number of maternal and environmental effects.
That significant variation in hatchling body size was significantly predicted by incubation
duration emphasizes the importance of early incubation environment for the success of
neonates. Indeed, using a principal components analysis of individual nest parameters in
Chapter II I revealed that greater nest depth and duration contributes to significantly
higher clutch hatching success. I further predicted that greater thermostability and longer
incubations experienced at greater depths should enhance embryonic development and
yolk absorption, yielding larger hatchlings. Weak to non-existent contributions of
individual genetic factors to this trait could reflect the limited statistical power of my
panel of microsatellite loci to distinguish fine variation in realized inbreeding coefficients
among hatchlings experiencing the same incubation conditions. Alternatively, inbreeding
depression may manifest more strongly in early life history traits such as viability or
growth rate. Indeed, in Chapter IV I demonstrated that increased parental relatedness is
correlated with reduced clutch hatching success, suggesting that sampling at a stage
earlier than hatching could reveal important effects of inbreeding depression on withinclutch offspring viability.
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While my hypothesis of cryptic inbreeding depression in the early life stages of C.
nubila caymanensis was not met, my study serves to further emphasize the complex role
of inbreeding depression in regulating the dynamics of naturally small populations. My
finding of significant negative HFCs in iguanas 1 year or older did not adhere to any
patterns I anticipated for this population, and is not intuitive in its interpretation.
Interestingly, the result is not unique among genetic studies of iguanas. Age-dependent
negative HFCs have also been documented in an endangered population of Iguana
delicatissima (Judson et al. 2018), warranting closer consideration of the biological
significance of such an effect. The explanation that emerges as the most plausible by my
reasoning is that the selective mortality of low-homozygosity, low-fitness individuals
within their first year results in an overrepresentation of low-homozygosity, high-fitness
individuals in post-selection cohorts. Slight reductions in homozygosity between the
hatchling and adult cohort support this as a possibility; however, to invoke the existence
of ‘good’ and ‘bad’ homozygotes would lead to the further expectation that local and
general effects acting simultaneously should obscure true shifts in allele frequencies. This
is because while linked loci can impart positive, negative, or neutral effects on fitness
dependent on the alleles being expressed, the net effect of homozygosity across the whole
genome will depend on the relative proportions of ‘good,’ ‘bad,’ and ‘neutral’ single
locus genotypes. Templeton (1980) went so far as to predict that the narrowed spectrum
of genetic backgrounds in small populations should favor alleles that confer high fitness
in their homozygous state. However, my data from a historically small and isolated
population fail to support any straightforward rules for the effects of homozygosity on
individual fitness. In Chapter IV, I demonstrated that highly inbred females suffered
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significantly lower fecundity than expected for their body size. This unanticipated direct
effect of inbreeding on a life history trait could have major implications for population
growth, underscoring that much remains to be unraveled via long-term monitoring
regarding how genetic factors impact the viability of this population.
The comprehensive analyses presented in this study will be instrumental to
informing future conservation planning for the critically endangered Cyclura nubila
caymanensis. Crucially, my data reiterates the importance of coastal nesting aggregations
to the long-term persistence of Little Cayman’s SIRI population. This assessment aligns
with current priorities as laid out by the Cayman Island Department of Environment’s
(DoE) SIRI Species Management Plan: to channel protections into crucial known
communal sites (Cayman Islands Department of Environment 2011). Despite the fact that
the majority of Little Cayman remains undeveloped, setting aside land for protection is a
slow and challenging process. Patches of high-quality coastal shrubland are scarce on the
island, and demand for beach rental properties drives up costs. Today only a small
portion of the island has been designated as public crown land under the Cayman Island’s
National Conservation Law (551 acres; Cayman News 2018), and protected areas (Booby
Pond Nature Reserve and Eastern Interior Woodlands) do not encompass known iguana
nesting habitat. Although the National Trust purchase of Preston Bay in 2012 represented
a major conservation success, no expansions have been made and none of the nominated
lands pending consideration for protection encompass major West End nesting sites.
A factor that perhaps elevates short-term concerns for SIRI’s reproductive success
is that in my 4 years of nesting surveys, I identified very few communal sites of
substantial size. Indeed, while early, island-wide surveys led by Goetz (2010) identified
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at least six major communal sites (≥14 nests), my data imply much lower numbers.
Indeed, at only 2 of the 11 sites selected based on prior survey data did I document ≥14
nests within a season. Preston Bay, arguably the largest site on the island, was found to
support a maximum of 28 nests – an estimate falling far flat of Goetz’s 2010 estimate of
65. While I suspect that major differences in counts between 2010 and 2015 can be
attributed to differences in survey methodologies (e.g. island-wide surveys undertaken
once a week compared with intensive, daily surveys of select sites), gradually declining
trends observed at Preston Bay between 2015 and 2018 are concerning. One possible
driver of these patterns is sustained high rates of road mortality on the West End, which
are thought to reach peak levels during breeding and reproductive months when animals
are moving in and out of their home territories. It is clear that more long-term monitoring
of nest sites is needed to fully resolve these trends, however, in the short-term it is crucial
that efforts to maintain and expand protections of major sites and surrounding areas are
prioritized in management planning.
An additional contribution of this study is to provide important insights into the
genetic health of Little Cayman’s SIRI population, while also identifying possible future
threats to viability. Based on my data, I can deduce that inbreeding depression is not
currently limiting hatchling survivorship but may affect fecundity and embryonic
viability. Thus, management initiatives such as head-starting – a relatively common
practice implemented to increase juvenile survivorship in Cyclura populations suffering
low recruitment (Alberts et al. 2004, Lewis et al. 2008, Pérez-Buitrago et al. 2008, Grant
and Hudson 2015) – would do little to ameliorate genetic threats to this population.
Because rates of close inbreeding are relatively low (4.1-18.4%), there is also little need
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to consider translocation (Knapp and Hudson 2004) or captive breeding (Grant and
Hudson 2015) at this time. The more crucial management actions for maintaining genetic
integrity and healthy levels of recruitment in SIRI will be to enforce and expand
biosecurity measures for the Sister Islands, and to protect and monitor pristine nesting
habitat. Indeed, the unprecedented discovery of hybrid C. n. caymanensis and Iguana
iguana on Little Cayman in close proximity to a major communal site has prompted
renewed concern over the genetic integrity of ‘last-stand’ Cyclura populations throughout
the invasive range of I. iguana. In the Cayman Islands, culling efforts have greatly
intensified since the 2016 discovery, with the DoE recently launching a major contract
operation on Grand Cayman to bring the exploding source population that has afflicted
all three islands ‘under control’ (Haakonsson 2018).
While inbreeding depression is not currently a major conservation concern for this
taxon, my study highlights several future avenues for research that may be of relevance
for this or other endangered lizard populations. For one, I established that a typical
mating system of Cyclura facilitates strong reproductive skew and no active avoidance of
inbreeding. Moreover, high local densities appear to promote the dominance of a small
number of males while constraining opportunities for female polyandry. Both of these
conditions are likely to exacerbate erosion of genetic diversity, whereas incidentally, high
rates of multiple-paternity may occur in low-density areas where subordinate males have
improved chances of evading territory holders. These considerations could become
important for supplemented populations maintained at artificially high densities, as it is
generally the goal of these programs to achieve equal genetic contributions of founders
(Iverson et al. 2006, Pérez-Buitrago et al. 2010, Mitchell et al. 2011, Knapp et al. 2013).
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Another important long-term research venture for Cyclura systems is to determine the
extent to which inbreeding depression negatively impacts life history traits. Indeed, the
detection of inbreeding depression in traits of female fecundity and embryogenesis
emphasizes how much remains to be discovered about the dynamics that influence
individual fitness across the lifespan of these long-lived animals.
Taken as a synthesis, the application value of this study extends to many insular
populations of conservation concern. Much empirical research on inbreeding depression
and the evolution of inbreeding avoidance in naturally small populations has been
dominated by studies of birds (Wheelwright and Mauck 1998, Keller and Arcese 1998,
Richardson et al. 2004, Barber et al. 2005, Kleven and Lifjeld 2005, Reid 2007, Billing et
al. 2012, Brekke et al. 2012, Kennedy et al. 2014, Reynolds et al. 2014, Reid et al. 2015,
Taylor et al. 2017, Barati et al. 2018) and mammals (Eldridge et al. 1999, Liberg et al.
2005, Geffen et al. 2011, Becker et al. 2012, Herfindal et al. 2014, Vigilant et al. 2015,
Godoy et al. 2016, Wikberg et al. 2017), while there are limited data available to
characterize variable patterns that exist across the vertebrate spectrum of life histories and
social systems. Herein I present a case study of a long-lived reptile possessing an extreme
N:Ne ratio, likely attributed to strong genetic drift and reproductive skew over many
generations held at small population size. I argue that major life history and social
characteristics in this taxon – pre-reproductive dispersal, high fecundity, and potentially
high male turnover – largely overcome inbreeding risks dictated by its demographic
history. These findings contribute to a broader scientific understanding of how genetic
factors influence natural population dynamics, and have raised exciting questions for
ongoing and future studies of underrepresented taxa.
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DESCRIPTIONS OF SURVEYED NEST SITES (AS NUMBERED IN FIGS 1.2, 2.1,
AND 3.2)
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(1) Bloody Bay: a small coastal site containing soft, sandy substrate and shrubby
vegetation. Supported 4-6 nests each survey year between 2015 and 2017.
(2) Phosphate Mound: a large mound of earth artificially deposited many decades ago
along a forested walking trail through the West End interior. Supported 3-5 nests each
survey year between 2015 and 2017.
(3) Northwest: a small coastal site containing rocky substrate and mixed high-canopy and
shrubby vegetation. Supported 4-6 nests each survey year between 2015 and 2017.
(4) Lighthouse: a medium-sized coastal site located at the westernmost tip of the island
and containing sandy, soft substrate and patchy high-canopy vegetation. Supported 3-5
nests each survey year between 2015 and 2017.
(5) Preston Bay: the island’s largest communal site located on the southwestern coastline,
containing pristine coastal shrubland bordered by mangrove. The Little Cayman National
Trust protected a large portion of the site in 2013. Supported 20-30 nests each survey
year between 2015 and 2017.
(6) Airport: a recently cleared (~15 years ago) large coastal site containing soft, sandy
substrate and dominated by early successive shrubs and grasses. Supported 8-10 nests
each survey year between 2015 and 2017.
(7) Spot Bay: a small outcropping in dry shrubland off a major cross-island road.
Contains a few small deposits of rocky but dig-able substrate. Supported 2-3 nests each
survey year between 2015 and 2017.
(8) Museum: a large human-modified site located immediately adjacent to the town
square. Contains several buildings and limited natural vegetation, but soft sand is
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plentiful and very deep. Supports a large (~50) resident population of iguanas and
supported 13-15 nests each survey year between 2015 and 2017.
(9) Tarpon Lake: a small site on the southern coastline containing soft, sandy substrate
and mixed high-canopy and shrubby vegetation. Supported 1-2 nests in 2017.
(10) Casa Cassiopeia: a medium-sized site on the southern coastline containing soft,
sandy substrate and mixed high-canopy and shrubby vegetation. Supported 2-4 nests in
2017.
(11) Iguana Park: a large, human-modified site on the southern coastline containing some
managed trails and gazebos but otherwise undisturbed. Contains plentiful soft sand and
mixed shrubby and high-canopy vegetation. Supported 5-6 nests in 2017.
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APPENDIX B
RADIO-TRACKING METHODOLOGIES
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1. Transmitter attachment
Transmitters were attached at the side of tail base with 3M™ (St. Paul,
Minnesota, U.S.A) 5200 marine adhesive according to protocols outlined by Goodman et
al. (2009) for adhesive-mounted transmitters. Because the adhesive was still wet upon
initial transmitter attachment, I secured transmitters in place with 3M™ Vetrap™ (St.
Paul, MN) bandaging tape to minimize transmitter loss. Adult females were released at
their capture sites within one hour of capture with bandaging tape still in place. To
minimize the bulk of transmitter packages and avoid burdening locomotion in smallbodied hatchlings, all sampled hatchlings were held overnight in breathable cloth bags
with tracking subjects being held individually to allow for adhesive to dry without
excessive disturbance. The adhesive tape was removed the following morning and all
clutch-mates were released together at their natal sites to minimize interference with
natural dispersal patterns. Neonates were only released under favorable photoperiod and
temperature conditions to maximize survivorship in the first day. As a result, two
tracking subjects were held for two nights during inclement weather conditions. No
differences in behavior upon release were noted between the clutch held for two nights
and all other clutches held for one night.

2. Radio-tracking by signal homing and triangulation
At each tracking interval, I searched for signals from the roadside at the last
known location of a subject. While animals were not actively dispersing, I attempted to
visually confirm their condition via signal homing. I did not attempt to locate subjects
visually during periods of rapid movement, especially through inaccessible locations, as
184

this may have disrupted normal movement patterns and constrained efforts to track many
subjects simultaneously. Instead, the GPS coordinates of moving subjects were
approximated by taking 3-4 triangulation bearings from roadside locations where the
signal strength was strong and calculating the centroid location of the bearings. Error was
estimated as the maximum distance in meters to the edge of the smallest triangle formed
by the intersection of bearing lines. When subjects were not near enough to the road to
achieve precise triangulation or when it was possible to track multiple transmitters
simultaneously, a UAV was deployed to estimate animal locations

3. UAV tracking
In addition to conventional radio-tracking procedures, this study pioneered the use
of an unmanned aerial vehicle (UAV) radio-tracking system developed by the University
of California San Diego Engineers for Exploration. As signals were lost in the interior or
animals become unreachable on foot, a UAV was deployed from the nearest unobstructed
roadside point and flown in a preprogrammed grid pattern at approximately 20 kilometers
per hour at a height just above the treeline to triangulate the signal. Rectangular grid
patterns and flight paths were generated at user-specified areas of extent using GPS
coordinates selected from geo-referenced digital maps. This was done on a portable
computer using the software, Mission Planner (©ArduPilot Dev Team). Relying on its
on-board GPS unit and receiver payload matched to the specific frequency of the radio
transmitters, the UAV then triangulated and logged any signals it detected as it completed
its programmed flight path.
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4. Post-processing of tracking data
Initial bursts of dispersal movement were typically preceded by latency periods,
during which females guarded their nests and hatchlings exhibited only short-distance
relocations within 150m radii of their natal sites. One female appeared to make daily
return trips to her nest to guard for at least 2 days after she was initially detected back in
her home territory (0.275 km away). Arrival at final known coordinates was also
typically preceded by short-distance relocations within the immediate vicinity, consistent
with home range movements. Therefore, I calculated the maximum migration time for
each tracking subject as the total length of time between the last time an animal was
located within 150m of its release site to the first time an animal was detected within
150m of its final known location.
In 14.5% of tracking occasions attempted over all tracking periods, iguana
locations could not be positively determined due to poor signal locks or absence of
signal. These occasions were exempted from calculations of dispersal paths. Of used
points in the female tracking set, 69% could be precisely estimated by signal homing.
Only 25% of used points were estimated by triangulation and 6.6% were UAV-derived
estimates. In the hatchling tracking dataset, 35% of used points were estimated by
triangulation and 48% were UAV-derived estimates. Only 16.7% of points were obtained
by signal homing. As a result of poor signal strength accompanying dispersal through
thick mangrove, it was not possible to precisely estimate the locations of 3 hatchlings for
9-11 days of their tracking periods. All used locations along dispersal paths were
estimated within 200m accuracy. The mean error of points approximated by triangulation
or UAV was 30.9 ± 35.79m and 24.8 ± 20.9 m, respectively.
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APPENDIX C
GROWTH AND AGE DETERMINATION
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Rapid growth was recorded amongst iguanas recaptured within their first 1-3
years (Tables C.1, C.2). Neonates recaptured after 24-26 days of radio tracking (n = 6)
had gained 13.1 ± 1.9% body mass, but after one year growth varied tremendously, with
hatchlings gaining between 61 and 348% (151.26 ± 96.8%) body mass (n = 7). After
approximately 4-5 years, annual growth began to approach zero. The smallest individuals
I observed reproducing during a nesting season were females between 26 and 30 cm (n =
10), which I estimated to be between 2 and 3 years old based on measurements of
recaptured hatchlings and yearlings (Appendix Table C.2). The maximum age recorded
in a tagged iguana was at least 13 to 14 years, however, because ages of adults at initial
capture could not be precisely estimated, they could be under-estimated. Based on
individual growth data, animals were classified into 4 major age classes: hatchling (SVL
< 12 cm), yearling (12 cm < SVL < 20 cm), juvenile (20 cm < SVL < 33 cm), and adult
(SVL > 33 cm).
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Appendix Table C.1:

Capture summaries by year for C. nubila caymanensis.

TOTAL
CUMULATIVE
CAP
RECAP
% RECAP
MARK
RECAP
2007
52
0
0
52
0
2008
60
0
0
112
0
2009
2
0
0
114
0
2010
37
1
2.7
150
1
2011
17
1
5.9
166
2
2012
45
0
0
211
0
2013
63
0
0
274
0
2014
35
0
0
309
0
2015
367
25
6.8
651
27
2016
613
87
14.1
1177
114
2017
495
131
26.5
1541
245
Total annual capture (CAP) and recapture (RECAP) numbers, percent of total annual
captures that were recaptures (% RECAP), and cumulative numbers marked (MARK)
and recaptured by year.
Year

Appendix Table C.2:
Age
0 (neonate)

N
963

Growth trajectory analyses
SVL (mm)
104 ± 4.4 (80-121)

Body Mass (g)
48.4 ± 5.6 (31-61)
124 ± 34.1 (791 (yearling)
8
141 ± 12.0 (127-165)
188)
1080 ± 325 (6302
4
275 ± 36.6 (231-319)
1400)
1392 ± 547 (7753
3
303 ± 24.3 (275-320)
1820)
Body sizes of recaptured C. nubila caymanensis with known hatch years.
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APPENDIX D
NESTING SURVEYS
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1. Notes on inclement weather
Heavy precipitation impeded nest surveys on a number of days each year (2015: Jun 2-5;
2016: Jun 3-6; 2017: Jun 2 and Jun 18-19; 2018: May 18-28, Jun 16, Jun 24), however it
is unlikely that such weather conditions permitted nesting activity.

2. Nest excavations
To minimize the risk of egg desiccation, excavations were carried out only in the
early morning (0500-0900) or the early evening (1600-1900). Ideally within one week of
a nest being closed to avoid compaction, the soft substrate that was used to fill the entry
tunnel was dug out by hand and the tunnel was followed to its egg chamber. Because
many nests remained active with the intrusion of conspecifics in the days and weeks
following initial closure, excavations were occasionally delayed for up to 4 weeks until
activity subsided. Egg chambers could be oriented at the terminus of entry tunnels or
could “bud” laterally off of extending tunnels. Incubating eggs were delicately removed
from egg chambers without rotating, marked externally with a sharpee, measured with
calipers, and weighed in plastic bags with 50-100 g spring scales (Pesola®, Feusisberg,
Switzerland). The number of viable and inviable eggs was documented at the start of
incubation to project final clutch hatching success. All eggs were returned to their
original position and the chamber was re-sealed with compacted substrate. I then used
wooden folding rulers to measure the length of each tunnel in its entirety (to the final
point of substrate compaction) and chamber depth from floor to surface at the mouth of
the egg chamber.
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APPENDIX E
EDGE-THINNING
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Edge-thinning is a statistical method of spatial cluster detection that requires that
the distance between points in a cluster not be greater than some threshold distance. In
this way, detected clusters are hierarchically nested (Appendix Figure E.1). Looking
across a range of threshold distances allows users to identify plateaus in the mean number
of points within a cluster, which represent hierarchical scales of organization. In the plot
below, I visually identified threshold distances for clustering at 85 m, 140 m, 340 m, and
440 m (Appendix Figure E.2).

Polygons
440 m
140 m
85 m

Appendix Figure E.1:

Hierarchical clustering of nests.

Illustration of nests at Preston Bay in 2015. Clusters occur at three threshold distances: 85
m, 140, and 440 m.
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Appendix Figure E.2:

Threshold distances detected by edge-thinning.

Visualization of plateaus in mean number of nests across a range of distances. Red dotted
lines are drawn at threshold distances: 85 m, 140 m, 340 m, and 440 m.
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APPENDIX F
SUPPLEMENTARY PEDIGREE MARKER DATA
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Appendix Table F.1:
Locus summary statistics and exclusion probabilities.
Locus
No of Alleles
HO
HE
PE1
PE2
PE3
Z132
4
0.365
0.346
0.17721
0.05987
0.29814
Z148
5
0.840
0.714
0.47019
0.29579
0.64976
Z151
4
0.646
0.583
0.32422
0.17978
0.48517
Z154
7
0.781
0.770
0.55557
0.37698
0.73899
Z419
4
0.755
0.709
0.44300
0.27718
0.61098
Z780
6
0.780
0.765
0.55103
0.37259
0.73631
CCSTE9
02
0.738
0.683
0.43355
0.26888
0.61437
F436
4
0.148
0.148
0.07675
0.01105
0.14382
F637
9
0.735
0.701
0.46243
0.29157
0.64855
F478
5
0.323
0.335
0.17316
0.05703
0.29316
CIDK109
8
0.599
0.627
0.39350
0.22097
0.57915
D9
4
0.491
0.569
0.27975
0.16394
0.41773
D110
10
0.622
0.602
0.36498
0.20364
0.54557
C113
5
0.513
0.502
0.23862
0.12847
0.36708
All Loci
84
0.595
0.575
0.99839
0.96650
0.99998
Summary statistics and parentage exclusion (PE) probabilities for each of 14
polymorphic microsatellite loci. Values are also calculated across all loci. No of Alleles,
number of alleles; HO, observed heterozygosity, HE, expected heterozygosity; PE1,
parental exclusion probability given one parent is known; PE2, parental exclusion
probability given neither parent is known; PE3, parental exclusion probability given
parent pairs are known.
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0.365 ± 0.015
0.382 ± 0.016
0.389 ± 0.018
0.364 ± 0.019
0.337 ± 0.024
0.380 ± 0.016
0.411 ± 0.016

TrioML

Wang

LynchLi

LynchRd

Ritland

QuellerGT

DyadML

0.416 ± 0.016

0.419 ± 0.018

0.327 ± 0.027

0.359 ± 0.020

0.418 ± 0.021

0.408 ± 0.019

0.369 ± 0.016

FullSib
(True R = 0.5)

0.256 ± 0.017

0.223 ± 0.020

0.202 ± 0.023

0.215 ± 0.021

0.210 ± 0.022

0.213 ± 0.022

0.222 ± 0.017

HalfSib
(True R = 0.25)

0.076 ± 0.009

0.003 ± 0.018

0.013 ± 0.012

0.012 ± 0.013

-0.034 ± 0.02

-0.037 ± 0.02

0.058 ± 0.008

Non-Rel
(True R = 0)

0.4825

0.4419

0.2529

0.3778

0.4533

0.4547

0.4506

R2

Milligan 2003

Queller and
Goodnight 1989

Ritland 1996

Lynch and
Ritland 1999

Lynch and Walsh
1998

Wang 2002

Wang 2007b

Reference

Seven R estimators implemented in the program COANCESTRY are evaluated by simulation approaches for their
closeness of approximation to true R values expected for four relevant relationships in the population: parent-offspring,
full sibling, half sibling, and non-relative. Mean R values calculated from 100 simulated dyads are reported along with
associated standard errors. The strongest correlation coefficient (R2) between empirical R and true R for the
relationships of interest is obtained from the DyadML estimator.

Parent-Off
(True R = 0.5)

Summary or relatedness estimators.

R Estimator

Appendix Table F.2:

Appendix Table F.3:
Summary of inbreeding coefficient estimators.
F estimator
Mean (True F = 0)
Variance
MSE
Reference
Ritland
0.05010
0.03618
0.03870
Ritland 1996
LynchRd
0.05146
0.02670
0.02935
Lynch & Ritland 1999
Two F estimators implemented in the program COANCESTRY are evaluated by
simulation approaches for variance and mean standard error (MSE) when individuals are
assumed to be non-inbred (True F = 0). The lowest variance is obtained from the
LynchRd estimator.

198

APPENDIX G
DETAILS OF PEDIGREE RECONSTRUCTION AND SIMULATED MATE CHOICE

199

200

IW

IW

IW

IW

HDS

HDS

IW

IW

IW

IW

IW

HDS

AP3-16

AP4-16

AP5-16

AS9-15

CT3-15

CT5-16

DoE1-16

LH1-15

LH1-16

LH2a-16

LH2b-16

M3b-15

M6-16

M5-15
M5-16

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

No

Yes

Yes

Yes

Yes

No

Yes

Yes

No

No

Yes

Yes

No

No

One kn.

Both kn.

One kn.

HDS

HDS

Yes

Yes

Yes
Yes
(migrant)
HDS
Yes
Yes
HDS
Yes Both kn.

IW

AP2-16

M4-16

Area

Clutch

7 (7/0)

17 (17/0)
15 (15/0)

17 (17/0)

15 (15/0)

6 (6/0)

12 (11/1)

17 (17/0)

15 (14/1)

12 (12/0)

8 (8/0)

7 (7/0)

12 (8/5)

16 (16/0)

19 (17/2)

16 (16/0)

15 (10/5)

7 (100%)

4 (23.5%)
10 (67%)

16 (94%)

4 (27%)

5 (83%)

11 (92%)

15 (88%)

11 (79%)

5 (41.7%)

8 (100%)

4 (57%)

7 (87.5%)

5 (31%)

15 (88%)

14 (87.5%)

8 (80%)

1

1
2

1

1

1

1

1

2

1

1

1

1

2

2

2

2

Clutch Size
No. Sampled (% No of
(Good/Bad
of Hatched Eggs) Sires
Eggs)

Pedigree reconstruction summaries.

Known Known
Dam
Sire

Appendix Table G.1:

7

4
7

16

4

5

11

15

8

5

8

4

7

3

11

12

6

Sire 1

na

na
3

na

na

na

na

na

3

na

na

na

na

2

4

2

2

Sire 2

na

na
0.206

na

na

na

na

na

na

na

na

na

na

na

0.071

0.005**

0.157

χ2 p

0.9878

0.9624
0.9638

0.5865

0.9885

0.9855

0.9898

0.698

0.874

0.9835

0.9882

0.9983

0.8982

0.9712

0.7325

0.9798

0.9654

ML Prob of
configuration
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HDS

HDS

HDS

HDS

IW

IW

IW

IW

IW

IW

IW

IW

IW

IW

IW

IW

IW

IW

IW

IW

IW

IW

M7-16

M8a-15

M9-16

M11-16

N5-15

NW1-16

NW2-16

NW3-15

NW3-16

NW4-16

NWW1-16

PB1-15

PB1-16

PB2-16

PB4-16

PB5d-16

PB6-15

PB6a-16

PB6b-16

PB7-16

PB8a-15

PB8b-15

Yes

No

Yes

Yes

No

No

Yes

Yes

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes

Yes

Yes

Yes

One kn.

Yes

No

No

No

No

One kn.

Yes

No

Yes

No

Yes

No

No

Yes

Yes

One kn.

No

Yes

Yes

Both kn.

Yes

Appendix Table G.1 (continued)

15 (15/0)

17 (17/0)

13 (12/1)

11 (10/1)

14 (14/0)

13 (13/0)

17 (17/0)

13 (8/4)

14 (14/0)

22 (15/7)

17 (14/3)

11 (9/2)

6 (6/0)

11 (11/0)

11 (11/0)

8 (8/0)

7 (4/3)

14 (14/0)

20 (17/3)

8 (8/0)

14 (14/0)

15 (14/1)

15 (100%)

17 (100%)

10 (83%)

9 (90%)

14 (100%)

12 (92%)

14 (82%)

3 (37.5%)

14 (100%)

15 (100%)

3 (21%)

7 (78%)

6 (100%)

11 (100%)

11 (100%)

7 (87.5%)

4 (100%)

2

1

1

1

1

1

2

1

2

2

2

1

1

1

1

1

2

1

1

18ϕ (100%)
14 (100%)

1

2

1

7 (87.5%)

9 (64%)

14 (100%)

12

17

10

9

14

12

9

3

11

9

2

7

6

11

11

7

3

14

18

7

9

14

3

na

na

na

na

na

5

na

3

6

1

na

na

na

na

na

1

na

na

na

5

na

0.646

na

na

na

na

na

0.285

na

0.033*

0.439

na

na

na

na

na

na

0.317

na

na

na

na

na

0.6464

1

0.9233

0.8853

0.3224

0.7383

0.8459

0.9946

0.6274

0.3243

0.9156

0.9899

0.9763

0.8512

0.8233

0.9745

0.9982

0.8485

0.9717

0.7855

0.4589

0.9969
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Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes

Yes

No

No

No

No

No

One kn.

No

No

No

One kn.

17 (14/3)

14 (14/0)

10 (10/0)

13 (13/0)

10 (10/0)

15 (9/6)

17 (16/1)

7 (7/0)

6 (6/0)

14 (14/0)

14 (14/0)

4 (29%)

13 (93%)

10 (100%)

13 (100%)

10 (100%)

7 (78%)

8 (50%)

7 (100%)

6 (100%)

3 (21%)

10 (71%)

1

1

2

1

2

1

2

2

1

2

2

4

13

9

13

9

7

5

5

6

2

8

na

na

1

na

1

na

3

2

na

1

2

na

na

0.011*

na

0.011*

na

na

0.257

na

na

na

0.9994

0.5747

0.9605

0.5274

0.9289

0.9037

0.93

0.9359

0.9958

0.9946

0.8129

Summary of maximum-likelihood pedigree reconstructions of 50 clutches in COLONY. The number of progeny sired by
the first (Sire 1) and second (Sire 2, if applicable) sire inferred by full-pedigree likelihood reconstruction; reproductive
skew evaluated in MP clutches with at least 80% sampling success with χ2 goodness-of-fit test at a significance level of α
= 0.05 (χ2 p ; * < 0.05, ** < 0.01, *** < 0.001); maximum-likelihood probabilities of configurations (ML Prob of
configuration) resulting from each simulation input, or the probability of the most likely configuration of sibships and
parentage assignments produced by COLONY for a given pedigree. ϕ One hatchling in this clutch (SVL = 85 mm, mass
= 17 g) was identified as a monozygotic twin.

IW

SB1-15

IW

Ph3-15

IW

IW

Ph2-16

Ph4-16

IW

PB21-15

IW

IW

PB20-15

Ph4-15

IW

PB19a-15

IW

IW

PB13-16

Ph3-16

IW

PB10-16
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Appendix Table G.2:

Fullsib cluster comparisons.

~SHSire
~IRSire
~HLSire
~RParents
2
2
2
2
R
p
R
p
R
p
R
p
0.03
0.27 0.002*
F
6
0.019 1
1
0.04 0.634 0.047 0.523
7
*
0.04
0.08
0.24 0.005*
SH
0.024 1
1
1
8
0.299 0.09 0.282
1
*
0.03
0.06
0.24 0.005*
IR
0.025 1
4
1
7
0.405 0.069 0.388
7
*
0.07 0.55 0.12
0.22 0.005*
HL
2
0.034 1
1
9
0.153 0.112 0.196
6
*
Summary statistics for regressions and comparison of means of four offspring genetic
characters among fullsib clusters.R2 (coefficient of determination) and p-values after
Bonferroni corrections (* < 0.05, ** < 0.01, *** < 0.001) for linear regressions of
offspring fitness measures, F (inbreeding coefficient (LynchRd)), SH standardized
heterozygosity), IR (internal relatedness), and HL (homozygosity by locus), on sire F
(inbreeding coefficient (LynchRd)), sire SH, sire IR, sire HL, and parental R (relatedness
coefficient (Dyad ML)) estimates.
Offspring
Trait

~FSire
R2
p
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A
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0
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0
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0.00
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0.8

0.9
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1.0

1.1
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C

D
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0.1

0.2
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Appendix Figure G.1:

0.35

0.40

0.45

Het (hl)

Simulated versus observed values of male characteristics.

Histograms summarizing simulated datasets of 10,000 mean (A) F, (B) SH, (C), IR, and
(D) HL estimates for selected mates. The distributions of mean actual mate values for 36
unique dams are depicted in gold and the distributions of expected mean mate values
under 10,000 random mating simulations are depicted in blue. The mean of the simulated
actual distributions are indicated with dotted lines.
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APPENDIX H
SUMMARY OF LOCI
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206

119
116
120
113
116
113
119
109
118
119
119
120
118
115
118
119
118
117
119

Z148
Z151
Z154
Z419
Z590
Z780
F436
F478
F637
CIDK109
CIDK177
C113
D9
D11
D102
D110
CCSTE02
CCSTE04
CCSTE06

5
4
8
4
4
6
4
3
8
6
9
4
4
10
3
8
9
2
3

NA
2
3
3
104-122
195-213
230-248
236-260
205-213
95-117
211-228
203-222
196-260
361-387
243-291
204-221
141-157
96-165
87-94
223-255
277-303
172-184
198-212

Range in BP
188-191
262-282
209-224
0.84
0.7
0.78
0.76
0.28
0.77
0.17
0.23
0.7
0.66
0.84
0.48
0.58
0.78
0.1
0.63
0.69
0.31
0.03

0.71
0.6
0.78
0.7
0.3
0.76
0.17
0.22
0.72
0.63
0.83
0.46
0.55
0.79
0.1
0.59
0.68
0.27
0.03

-0.18
-0.16
-0
-0.09
0.06
-0.01
0.03
-0.05
0.03
-0.05
-0.01
-0.04
-0.05
0
-0.05
-0.08
-0.02
-0.13
-0.01

HO HE
F
0.39 0.46 0.16
0.23 0.23 -0.01
0.35 0.31 -0.13
1
0.98
0.57
0.94
0.02
0.36
0.13
0.82
0.25
0.83
0.66
0.06
0.81
0.19
1
0.72
0.53
0.97
1

HWE P-Val
0.06
0.57
0.99
1
1
1
1
0.78
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Corrected P-Val
1
1
1

Summary genetic indices for 22 polymorphic microsatellite loci.

An et al. 2004
An et al. 2004
An et al. 2004
An et al. 2004
An et al. 2004
An et al. 2004
Malone et al. 2003
Malone et al. 2003
Malone et al. 2003
Welch et al. 2011
Welch et al. 2011
Lau et al. 2009
Lau et al. 2009
Lau et al. 2009
Lau et al. 2009
Lau et al. 2009
Rosas et al. 2008
Rosas et al. 2008
Rosas et al. 2008

An et al. 2004
An et al. 2004
An et al. 2004

Population-level values were computed from a sample of 120 individuals aged 1 year or older (Age 1+ cohort) and did
not include hatchlings.

N
117
118
117

Locus
Z09
Z13
Z132

Appendix Table H.1:

hatchlings.
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Appendix Table I.1:

Summary of microsatellite loci,
Ta
SIRI allele
Green
Locus
Source Species
Reference
count
allele count
(°C)
Z13
C. nubila
An et al. 2004
53
4
2
Z132
C. nubila
An et al. 2004
51
5
2
Z148
C. nubila
An et al. 2004
53
5
2
Z151
C. nubila
An et al. 2004
50
5
1
Z154
C. nubila
An et al. 2004
55
8
1
Z419
C. nubila
An et al. 2004
53
4
1
Z780
C. nubila
An et al. 2004
50
8
1
CIDK109
C. carinata
Welch et al. 2011
53
4
1
CIDK177
C. carinata
Welch et al. 2011
50
8
1
C. cychlura
F436
Malone et al. 2003
55
4
1
figginsi
C. cychlura
F478
Malone et al. 2003
56
3
1
figginsi
C. cychlura
F637
Malone et al. 2003
55
8
3
figginsi
C. cornuta
CCSTE02
Rosas et al. 2008
55
9
2
stejnegeri
C113
C. pinguis
Lau et al. 2009
53
5
2
D9
C. pinguis
Lau et al. 2009
53
5
1
D110
C. pinguis
Lau et al. 2009
55
6
4
Igdl12
I. delicatissima Valette et al. 2013
53
0
3
Igdl14
I. delicatissima Valette et al. 2013
57
0
1
Igdl17
I. delicatissima Valette et al. 2013
53
1
1
Igdl19
I. delicatissima Valette et al. 2013
55
1
3
Igdl20
I. delicatissima Valette et al. 2013 56.5
2
1
Igdl21
I. delicatissima Valette et al. 2013
55
5
2
Igdl24
I. delicatissima Valette et al. 2013
57
1
1
Twenty-three microsatellites characterized for Cyclura spp. and Iguana delicatissima that
were typed individually for each sample of I. iguana, C. nubila caymanensis, and the
putative hybrids at a specified annealing temperature (Ta).
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